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ABSTRACT  
   
 
Impact cratering and volcanism are two fundamental processes that alter the 
surfaces of the terrestrial planets. Though well studied through laboratory experiments 
and terrestrial analogs, many questions remain regarding how these processes operate 
across the Solar System. Little is known about the formation of large impact basins (>300 
km in diameter) and the degree to which they modify planetary surfaces. On the Moon, 
large impact basins dominate the terrain and are relatively well preserved. Because the 
lunar geologic timescale is largely derived from basin stratigraphic relations, it is crucial 
that we are able to identify and characterize materials emplaced as a result of the 
formation of the basins, such as light plains. Using high-resolution images under 
consistent illumination conditions and topography from the Lunar Reconnaissance 
Orbiter Camera (LROC), a new global map of light plains is presented at an 
unprecedented scale, revealing critical details of lunar stratigraphy and providing insight 
into the erosive power of large impacts. This work demonstrates that large basins 
significantly alter the lunar surface out to at least 4 radii from the rim, two times farther 
than previously thought. Further, the effect of pre-existing topography on the degradation 
of impact craters is unclear, despite their use in the age dating of surfaces. Crater 
measurements made over large regions of consistent coverage using LROC images and 
slopes derived from LROC topography show that pre-existing topography affects crater 
abundances and absolute model ages for craters up to at least 4 km in diameter. 
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On Mars, small volcanic edifices can provide valuable insight into the evolution 
of the crust and interior, but a lack of superposed craters and heavy mantling by dust 
make them difficult to age date. On Earth, morphometry can be used to determine the 
ages of cinder cone volcanoes in the absence of dated samples. Comparisons of high-
resolution topography from the Context Imager (CTX) and a two-dimensional nonlinear 
diffusion model show that the forms observed on Mars could have been created through 
Earth-like processes, and with future work, it may be possible to derive an age estimate 
for these features in the absence of superposed craters or samples.  
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CHAPTER 1 
INTRODUCTION 
Impact cratering and volcanism are two fundamental processes operating on the 
terrestrial planets. Though well studied through laboratory experiments and terrestrial 
analogs, many questions remain regarding how these processes operate across the Solar 
System. This work directly addresses two of the highest priority science questions for the 
decade as defined by the Planetary Science Decadal Survey (National Research Council 
Committee on the Planetary Science Decadal Survey 2011, hereafter “NRC, 2011”): 
(1) How have the myriad chemical and physical processes that shaped the Solar System 
operated, interacted, and evolved over time? (2) What are the major surface features and 
modification processes on each of the inner planets? Both the Moon and Mars provide 
excellent locations to study surface features and their modification due the relatively 
uncomplicated degradation history over the last ~3 Ga and ~1 Ga, respectively.  
The formation of large impact basins is poorly understood relative to smaller 
impacts due the large scale and lack of well-preserved terrestrial analogs. Impact basins 
on Earth (e.g., Chicxulub, Ries, Sudbury, Manicouagan, and many others) have been 
heavily modified by atmospheric, aqueous, biological, and tectonic processes, making 
them poor sites to the characterize the original morphology and extent of deposition 
associated with the formation of large basins, though substantial insight can still be 
gained from studying the remaining deposits. On the Moon, large impact basins are 
relatively well preserved due to a lack of atmospheric, aqueous, and biological 
degradation, making it possible to study aspects of basin formation and associated 
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deposits that on Earth have been eroded away. Because, unlike Earth, the lunar geologic 
timescale is largely derived from basin stratigraphic relationships, it is crucial that 
materials related to the formation of the basins, such as light plains, are identified and 
characterized (e.g., NRC, 2011). Light plains occupy ~9% of the lunar surface, and for 
those that are related to the formation of large basins, they represent an important part 
(i.e., ejecta dispersal and deposition as well as surface modification) of a poorly 
understood process that played a significant role in shaping the lunar surface as is it 
observed today. In Chapters 2 and 3, I test the hypothesis that the majority of light plains 
are related to large basins (e.g., Eggleton and Schaber 1972) using detailed mapping on 
high resolution Lunar Reconnaissance Orbiter Camera (LROC) images. This work 
directly supports the Science Concepts identified in the Scientific Context for Exploration 
of the Moon (SCEM) (Space Studies Board, 2007): (1) The bombardment history of the 
inner solar system is uniquely revealed on the Moon, and (2) the Moon is an accessible 
laboratory for studying the impact process on planetary scales. Further, unambiguous 
identification of light plains deposits associated with specific basins will provide 
constraints of the extent of surface modification by basins and a basis for the selection of 
well-contextualized sample return sites for age dating the large basins (e.g., NASA 
Advisory Council 2007). 
In addition to understanding the formation and stratigraphy of large impact basins, 
constructing an accurate geologic history requires reliable age estimates. Deriving 
accurate relative and absolute age estimates relies on an understanding of the factors 
influencing the formation and destruction of the crater population. Many studies have 
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been dedicated to assessing the controls on crater formation, lifetime, and the resulting 
crater size-frequency distributions (CSFDs): target properties, differential degradation, 
contamination by secondaries, and slopes all complicate the interpretation of CSFDs and, 
therefore, the derivation of absolute model ages (e.g., Basilevsky, 1976; van der Bogert, 
2017). However, the effect of pre-existing topography has not been quantified for craters 
larger than ~1 km. In Chapter 4, I investigate the relationship between crater density and 
target slope angle for craters >1 km in diameter to determine whether slopes have a 
measurable effect on craters of that size and, if a trend is observed, to quantify the 
observed effect.  
On Mars, age dating is even more difficult than on the Moon. There are no well-
contextualized martian samples, so absolute age estimates rely on the extrapolation of the 
lunar chronology to Mars (e.g., Stöffler and Ryder, 2001; Hartmann and Neukum, 2001). 
However, Mars, like Earth, exhibits cinder cone volcanoes (e.g., Brož and Hauber, 2012), 
a relatively simple volcanic construct. On Earth, cinder cones can be dated using their 
morphometric parameters and well-understood patterns of degradation (e.g., Pelletier and 
Cline, 2009), but in the absence of radiometrically dated samples, constraints on the 
erosion rates for a given region are needed to constrain an absolute age. If martian cinder 
cones formed in a manner similar to terrestrial cinder cones (i.e., by the accumulation and 
subsequent downslope movement of tephra) then their morphology can be modeled over 
time. In Chapter 5, I use high resolution topography and existing estimates of diffusive 
erosions rates to investigate the degradation of Earth-like cinder cones under assumed 
martian conditions and timescales to determine (1) if martian cinder cone forms are 
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consistent with Earthlike erosional processes, and (2) whether martian cinder cones are 
suitable for morphologic age dating, providing a potential alternative to traditional crater 
counting methods. 
Chapter 6 summarizes the results of this dissertation and identifies areas where 
further work is needed.  This work, by detailed mapping, topographic analyses, and 
modeling, has provided new insight into the formation and degradation of impact features 
and volcanic landforms on the Moon and Mars, addressing high priority science 
questions for this decade. 
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CHAPTER 2 
THE DISTRIBUTION AND ORIGIN OF LUNAR LIGHT PLAINS AROUND 
ORIENTALE BASIN 
 
This chapter is reproduced from Icarus, where it was published in July 2016, with 
permission from the following co-authors:  B. W. Denevi, A. K. Boyd, and M. S. 
Robinson. 
2.1 Introduction 
Basin-forming impacts play a large role in shaping planetary surfaces. In addition 
to the creation of the basin itself, with its uplifted rim and rings that constitute mountain 
ranges and its deep cavity, large impact events also affect terrain several basin radii away 
and farther. Basin-forming impacts create secondary craters, chains, and series of ridges 
and depressions known as sculpture (Gilbert, 1893; Hartmann, 1964) that scar the surface 
and render preexisting terrain unrecognizable. The continuous ejecta deposits resurface 
the area within one basin radius from the rim (Guest, 1973; Moore et al., 1974; Melosh, 
1989), leaving a hummocky, lineated surface through which only the largest preexisting 
topography survives. Beyond the continuous ejecta, patchy plains deposits fill preexisting 
topographic depressions with a smooth morphology indicative of a fluidized deposition 
(e.g., Eggleton and Schaber, 1972; Scott et al., 1977). On the Moon, these deposits are 
known as “light plains,” and they may provide a means of identifying the extent to which 
basin formation affects the surface morphology. Light plains cover about 9% of the lunar 
surface (Boyd et al., 2012) and are globally distributed. Their smooth appearance, lower 
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crater densities relative to surrounding highlands, and occurrence in topographic lows 
once led to the hypothesis that light plains formed by volcanic processes in a manner, if 
not composition, similar to the lunar maria (Milton, 1972; Wilhelms and McCauley, 
1971; Trask and McCauley, 1972). However, since the return of the Apollo 16 samples 
from the light plains of the Cayley Formation, which were found to be primarily impact 
breccias from the Imbrium basin (Muehlberger et al., 1972; Eggleton and Schaber, 1972), 
an impact origin is favored for most light plains (Eggleton and Schaber, 1972; Soderblom 
and Boyce, 1972; Boyce et al., 1974).  
The details of the formation mechanism of light plains are not fully understood. 
During basin formation, debris is ejected in an outward-moving curtain, the base of 
which behaves as a ground-hugging debris flow (Howard et al., 1974). This debris flow 
both buries secondary craters that were formed by the earliest arriving ejecta and creates 
new secondary craters as it moves outward (Howard et al., 1974). The finer materials 
within the primary ejecta may collect in topographic lows to form light plains (Howard et 
al., 1974); however, the light plains could also be the result of excavation and deposition 
of local material by secondary craters (Oberbeck et al., 1975). Primary ejecta mixing with 
secondary crater ejecta and impact melt from the primary basin-forming impact likely 
contribute to the formation of plains deposits to an unknown degree. The extent to which 
the most recent, large, basin-forming events (i.e., Imbrium and/or Orientale) (Eggleton 
and Schaber, 1972; Chao et al., 1973; Howard et al., 1974, Oberbeck et al., 1974; 
Oberbeck et al., 1975) and smaller, local impacts (Head, 1974; Oberbeck et al., 1974; 
Oberbeck et al., 1975) contribute to the global light plains population is also unknown.  
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Figure 2.1. Lunar light plains (yellow) mapped in this work are shown beside a 
previously identified farside mare pond (blue) (Nelson et al., 2014) for reference. LROC 
WAC monochrome image centered at 16°N 263°E, equirectangular projection. 
 
Age estimates provide one method of constraining the origin of light plains 
deposits, specifically whether they are related to the Imbrium and Orientale basins or to 
volcanic processes. Boyce et al. (1974) used a modified “DL” technique based on crater 
degradation (Soderblom and Lebofsky, 1972) to estimate the age of the light plains 
scattered across the lunar highlands. Soderblom and Lebofsky’s method relied on the 
modification of crater shape over time (characterized by the maximum interior slope) as a 
measure of the impact flux and thus relative age. Boyce et al. (1974) modified this 
method to relate the shape of a crater to the accumulated impact flux over time in order to 
generate an age estimate. Boyce et al. (1974) concluded that a single, Moon-wide 
synchronous event, specifically the formation of the Imbrium basin, was responsible for 
the majority of light plains. However, crater size–frequency distribution studies yielded 
age estimates varying by as much as 500 million years for light plains deposits, 
suggesting that a single impact origin was not likely (Neukum, 1977; Koehler et al., 
2000; Thiessen et al., 2012; Hiesinger et al., 2013). Because the ages of some light plains 
were estimated to be younger than all large impact basins, an endogenic origin was 
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suggested for those areas by previous workers (Neukum, 1977; Koehler et al., 1993; 
Koehler et al., 2000). 
Here, we focus on light plains surrounding the Orientale basin, the youngest large 
impact basin on the Moon (Wilhelms, 1987). The basin is thought to be the result of an 
oblique impact (Scott et al., 1977; Schultz, 1995; Schultz and Papamarcos, 2010) at 15°-
30° (Schultz et al., 2012) and was assigned to the Upper Imbrian period (e.g., Wilhelms, 
1987). According to some estimates, the age of Orientale is 3.8 Ga (e.g., Baldwin, 1974; 
Baldwin, 1987; Wilhelms, 1987), but using the updated production and chronology 
functions of Neukum et al. (2001), Whitten et al. (2011) now place the age of Orientale at 
3.68 Ga +0.02/-0.03. There are three major geologic units associated with the Orientale 
basin: the Hevelius, Montes Rook, and Maunder formations (Scott et al., 1977). The 
Montes Rook and Maunder Formations are located within the rim of Orientale (Cordillera 
Mountains, diameter = 930 km), and therefore are not considered in this study. The 
Hevelius Formation consists of four gradational facies that make up the continuous ejecta 
deposits of Orientale (Scott et al., 1977); we focus on the transition between the 
continuous Hevelius ejecta and the discontinuous light plains then on the light plains 
deposits that lie beyond this formation.  
Both the basin structure and the morphology of the associated basin deposits are 
better preserved in the Orientale area than any other large lunar impact basin. Thus, 
Orientale provides an excellent setting to study the relationships between light plains and 
a large basin. The purpose of this work is to characterize the spatial, morphologic, and 
compositional relationships between light plains and the Orientale impact event. Here, we 
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assess the distribution, variability, and origin of the light plains, with implications for the 
origin of similar plains deposits on other planetary bodies. 
2.2 Data and Methods 
The Lunar Reconnaissance Orbiter Camera (LROC), an imaging system on the 
Lunar Reconnaissance Orbiter (LRO), consists of two narrow-angle cameras (NACs) and 
a wide-angle camera (WAC) (Robinson et al., 2010). The WAC has a pixel scale of 100 
m from the nominal 50-km orbit and can image in monochrome mode with a 90° field of 
view or in color mode with a 60° field of view with seven bands ranging from 321 nm to 
689 nm. Two WAC monochrome mosaics, acquired with opposite solar azimuth angles 
to minimize lighting biases, were used for mapping the light plains and for determining 
the crater size–frequency distributions of selected light plains deposits. 
We employed a roughness map derived from the standard deviation of slopes 
calculated from the GLD100 topography over baselines of 1000, 667, and 333 m (Boyd 
et al., 2012) in concert with the WAC monochrome basemaps to identify light plains 
deposits. Slopes derived over the three baselines were combined into a red, green, blue 
composite image, where smooth plains had low roughness values and were thus dark in 
all three channels.  
We visually mapped light plains at a scale of 1:300,000 at which distinct 
boundaries could be identified using the criteria described by Eggleton and Schaber 
(1972) and Scott et al. (1977). These workers defined lunar light plains as the generally 
smooth, relatively flat to gently rolling deposits that are found in crater floors and other 
topographic lows in the lunar highlands, with albedo values comparable to surrounding 
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highland terrain (Figure2.1). Light plains patches without distinct morphologic 
boundaries were not included in our map. All large, superposed craters and associated 
continuous ejecta deposits were also mapped as separate units. Our study area starts at the 
Cordillera Mountains, extending ~2800 km to the north-northwest (Figure2.2) and 
encompasses approximately 7.2 million km2. This area was chosen to ensure that any 
variations in distribution, morphology, and/or age could be assessed with respect to radial 
distance from both the Orientale basin and the Imbrium basin. Embayment relationships 
were sought within the study area, particularly directly surrounding the continuous ejecta 
deposit, also known as the Hevelius Formation, to identify stratigraphic relationships 
between light plains and continuous ejecta. 
 
Figure 2.2. The study area (blue outline) is shown with the mapped light plains (yellow). 
The areas of large, superposed craters and their ejecta (light blue) were removed from all 
calculations. The approximate extent of the Hevelius Formation (HF) is shown by the 
thin dashed line, and the Orientale basin rim (Cordillera Mountains) is denoted by the 
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thick dashed circle. Simple cylindrical projection of the WAC monochrome basemap 
centered at 10°N 250°E. 
 
After visually mapping the light plains, the map was compared with an automated 
classification algorithm (Boyd et al., 2012). The algorithm was developed using the 
GLD100, down-sampled to 333 m/pixel, in combination with WAC reflectance and 
Clementine FeO. Boyd et al. (2012) defined highland smooth plains as terrain having 
slopes <2° over a 1-km baseline, 643 nm normalized reflectance values >0.056, 321/415 
nm ratio <0.74, and Clementine-derived FeO values (Lucey et al., 2000) <12 weight 
percent. In some cases, particularly in regions of high frequency topographic variation, 
the automated classification method appeared to over- or under-estimate the extent of 
light plains. 
 
Figure 2.3. Light plains (yellow) shown with bins defined to assess their distribution 
with respect to (a) the Orientale basin rim and (b) the Imbrium basin rim. The area of 
Orientale’s continuous ejecta (white) was excluded from the bins defined relative to 
Imbrium. The area covered by superposed craters (light blue) was removed from each 
bin. Bins are ~200 km wide. Simple cylindrical projection of the WAC monochrome 
basemap centered at 10°N 250°E. 
a b 
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To determine how the light plains are distributed as a function of radial distance 
from the Orientale basin rim, the study area was divided into thirteen ~200 km wide bins 
extending approximately six basin radii from the rim (Figure2.3a). The area of light 
plains (excluding superposed crater materials) within each bin was normalized to the total 
bin area to yield the areal percentage of light plains.  The study area was also divided into 
fifteen ~200 km-wide bins extending roughly eight basin radii from the Imbrium rim 
(Figure 2.3b), and the area of light plains within each bin was normalized to the total bin 
area to yield the percentage of light plains. Like the superposed craters, the area 
resurfaced by the continuous ejecta of Orientale was removed from all Imbrium binning 
calculations because it would have resurfaced any deposits related to Imbrium. The areal 
distribution of light plains was also compared with previous work by calculating the 
percentage of light plains within a portion of the study area (20°N to 50°N and 235°E to 
260°E) that was previously mapped by Scott et al. (1977). 
The light plains were then characterized in terms of their elevations and spectral 
properties. The average elevation of each mapped contiguous area of light plains was 
computed from a digital terrain model (DTM), the Global Lunar DTM (GLD100), with a 
pixel spacing of 100 meters (Scholten et al., 2012; Figure2.4)., and the elevation 
distribution of light plains was compared to that of mare units. We examined the spectral 
properties of the light plains with the WAC 321/415 nm ratio, where various volcanic 
deposits, including those of non-mare composition, have distinct properties (Robinson et 
al., 2007; Denevi et al., 2014; Sato et al., 2014). Non-mare volcanic deposits, such as the 
Gruithuisen domes and Hansteen Alpha, known as “red spots” are characterized by 
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strong UV absorption that makes them appear spectrally red (Malin, 1974; Hagerty et al., 
2006; Wagner et al., 2010), and by infrared (around 8 μm) properties indicative of more 
silicic compositions (Glotch et al., 2010). Red spots, along with the maria, are also 
distinct in the position of the Christiansen Feature (CF), which is sensitive to the 
abundance of plagioclase and olivine (Greenhagen et al., 2010). Known volcanic deposits 
are also distinguished from the lunar highlands by their FeO content, so we examined the 
light plains using an FeO map (Lucey et al., 2000).  
 
Figure 2.4. The elevation distribution of the light plains (outlined in black) within the 
study area (outlined in white). Warm colors indicate high elevation, and cool colors 
indicate low elevation. The approximate extent of the Hevelius Formation (HF) is shown 
by the thin dashed line, and the Orientale basin rim (Cordillera Mountains, 930 km in 
diameter) is denoted by the thick dashed circle. Simple cylindrical projection of the 
GLD100 DTM overlain on the WAC monochrome basemap centered at 10°N 250°E. 
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Eleven areas were defined across the study area within light plains deposits, 
totaling approximately 117,000 km2 (smallest area = ~4,100 km2, largest area = ~26,800 
km2, Figure 2.5) to determine absolute model ages from crater size-frequency 
distributions (CSFD) for deposits with increasing distance from both Orientale and 
Imbrium to look for spatial trends, such as a transition from Orientale-aged to Imbrium-
aged light plains, or ages that don’t match any of the large basins. Three additional areas 
were defined within the continuous ejecta deposit of Orientale to date the basin-forming 
event itself. Within all fourteen areas, craters greater than 1 km in diameter were 
measured on WAC images and their positions recorded using the CraterTools extension 
for ArcMap (Kneissl et al., 2011). Secondary craters, defined as having irregular shapes 
or occurring in chains or clusters, were marked and excluded from these counts (Pike and 
Wilhelms, 1978). Absolute age estimates were generated using CraterStats2 (Michael and 
Neukum, 2010) with the production and chronology functions of Neukum et al. (2001). 
CSFD plots were created using pseudolog binning (Crater Analysis Techniques Working 
Group, 1979). The resulting model ages were compared to their location within the study 
area to look for trends in age with respect to distance from the rims of both Orientale and 
Imbrium. For the age of the Orientale event itself, the three count areas on the continuous 
ejecta were combined and compared to previous estimates.  
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Figure 2.5. Areas for which crater size–frequency distributions were determined (Table 
2.2). Light plains areas are outlined in blue and the areas defined on Orientale’s 
continuous ejecta (Hevelius Formation) are shown in orange. Simple cylindrical 
projection of the WAC monochrome basemap centered at 10°N 250°E. 
 
The smallest diameter crater filled but not completely obscured by the light plains 
is a function of the thickness of the overlying material. From this assumption, we mapped 
the size and location of partially buried craters and looked for spatial patterns related to 
basin forming events, using the relationships developed by Pike (1977: R=0.196D1.01) to 
estimate the thickness of fill (actual depth – predicted depth).  Despite uncertainties in the 
distribution of ejecta for oblique impacts (Scott et al., 1977; Wilhelms et al., 1987; 
Schultz, 1995; Schultz and Papamarcos, 2010), several authors developed equations to 
describe the distribution and thickness of ejecta deposits at a given distance from lunar 
   16 
basins with respect to total excavated volume (McGetchin et al., 1973) and to the 
continuous ejecta of Orientale specifically (Fassett et al., 2011). Our ejecta thickness 
estimates were compared with the values predicted by both McGetchin et al. (1973) and 
Fassett et al. (2011) for a specified distance from the basin center in order to determine if 
the light plains are dominated by primary ejecta from Orientale or by local material. If the 
light plains are dominated by primary ejecta, then the thickness should decrease with 
increasing distance from the basin. If the light plains are the result of ballistic 
sedimentation as predicted by Oberbeck et al. (1975) and dominated by local material, 
then the thickness of the light plains should be greater than predicted by models of 
primary ejecta. 
2.3 Results 
Closest to the Orientale basin rim, the light plains occur in relatively large, 
contiguous deposits (Figure2.6a,c), in contrast to deposits on the outermost margin of the 
study area, which generally occur in smaller, more discontinuous patches (Figure2.6b,d). 
Consistent with previous work (Eggleton and Schaber, 1972; Hodges et al., 1973; 
Howard et al., 1974; Scott et al., 1977), we find that the Hevelius Formation displays 
both gradational (Figure2.7a,b) and sharp embayment relationships with the light plains 
(Figure2.7c,d). The light plains include flow-like features with ridges within the Hevelius 
Formation that grade into light plains (Figure2.7a,b) and distinct lobes of material with 
discernable relief extending from the continuous ejecta on top of light plains 
(Figure2.7d). The light plains also cluster around the edges of large secondary chains 
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originating from Orientale (Figure2.8a), and occasionally lie within craters in secondary 
chains (Figure2.8b).  
 
Figure 2.6. (a) Light plains deposits (yellow) are concentrated in larger and more 
continuous deposits closer to the rim (~650 km from the Cordillera Mountains; image 
centered at 22°N 267°E). (b) With increasing distance from the rim, the deposits become 
smaller and patchier (~2800 km from the rim; image centered at 60°N 190°E). (c) The 
light plains (outlined in yellow) also appear smoother near the basin rim with little 
underling topography showing through (~580 km from the rim; image centered at 15°N 
260°E). (d) At larger distance from the basin, more underlying topography is apparent as 
indicated by white arrows (~2800 km from the rim; image centered at 58°N 183°E). 
Equirectangular projection of the WAC monochrome basemap for all images. 
  
b a 
c d 
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Figure 2.7. Morphologic relationships between the continuous ejecta (ce) of Orientale 
and the light plains (lp). White arrows indicate the direction of flow away from the basin 
rim. (a) Continuous ejecta grades into light plains deposits both north (left: 11°N 262°E) 
and (b) south (right: 51°S 277°E) of the Orientale basin. (c) Embayment (dashed line) of 
light plains by the continuous ejecta of Orientale, image centered at 3°N 241°E. (d) 
Interpreted as a flow lobe from the continuous ejecta (dashed outline) flowing around 
preexisting topography on the light plains in Hertzsprung basin, image centered at 1°N 
230°E. Equirectangular projection of the WAC monochrome basemap for all four 
images. 
  
a b 
c d 
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Figure 2.8. (a) Light plains (outlined in yellow) cluster around a chain of secondary 
craters from Orientale (b) In some regions (white arrow), light plains partially fill craters 
within an Orientale secondary chain. Location of (b) denoted by white box in (a). 
Equirectangular projection of the WAC monochrome basemap centered at 20°N 233°E. 
  
a 
b 
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The plains material mapped by Scott et al. (1977), interpreted to be ejecta from 
Orientale, shock-melted rock, and volcanic deposits, generally corresponds to the light 
plains mapped in this work. However, we find that many areas that were previously 
mapped as terra material, an undivided unit displaying gradational relationships with the 
Hevelius Formation, were classified as light plains material (Figure2.9) in this study. For 
example, in the area shown in Figure2.9, the plains mapped by Scott et al. comprise 11% 
of the terrain in comparison to 19% for those mapped in this study for the same area. In 
this region, we find good agreement between the largest light plains deposits, but we find 
many smaller deposits within areas that were classified as undivided terra material by 
Scott et al. are better classified as light plains. This difference is likely due to the current 
availability of higher resolution images and topographic data that has enabled mapping at 
a finer scale.  
 
Figure 2.9. Comparison of light plains (yellow) mapped by Scott et al. (1977) (a) and in 
this work (b) within 20–50°N and 235–260°E. Light plains of Scott et al. cover ~11% of 
the area shown here, while light plains mapped in this work cover ~19% of this area. In 
this region, we find a general correspondence of the largest light plains deposits, but 
identify many smaller deposits within areas that were classified as undivided terra 
material (blue) by Scott et al. are better classified as light plains. Equirectangular 
projection, WAC monochrome basemap. 
a b 
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In addition to a more broad areal distribution than previously identified, the 
vertical distribution of light plains spans a range of elevations from 3 km below the mean 
radius (1,737 km) to over 9 km above, with more topographic lows in general in the 
eastern portion of the study area. This distribution in elevation of the light plains is 
consistent with the distribution for the entire study area, which occupies a large portion of 
the western limb of the Moon (Figure2.10). The maria, in comparison, are all limited to a 
narrower range of low-lying elevations from 3 km below the mean radius to ~0.5 km 
above the mean radius (Figure2.10). 
 
 
Figure 2.10. The elevation-frequency distribution for the light plains (purple), the full 
study area (pink), and the mare (green). Note that the maria are limited to low-lying 
elevations, whereas the light plains reflect the full range of elevations within the study 
area. 
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 The light plains constitute 12% of the total study area, and the distribution of light 
plains varies with increasing radial distance from both the Orientale and Imbrium basins 
(Figure2.11). The two bins closest to Orientale are dominated by the Hevelius Formation, 
and bins three and four show a gradual increase in light plains coverage as the continuous 
ejecta grades into light plains deposits. The highest percentage of light plains occur 
within bins 5-9 (~800-1800 km, or 1.7-3.9 basin radii from the Cordillera Mountains, See 
Figs. 2.3, 2.11), with 14-19% plains per bin area. Beyond ~1800 km from the rim, the 
plains density drops to 8% in the tenth bin (~1800-2000 km or 3.9-4.3 basin radii) and 
5% in the eleventh bin (~2000-2200 km or 4.3-4.7 basin radii). Examining the data re-
binned according to increasing distance from the Imbrium basin, the light plains 
distribution in the second through twelfth bins varies by up to 6%. The bin closest to 
Imbrium, which begins ~1500 km (2.6 basin radii) from its rim, displays the highest 
percentage of light plains at 28%. The more distant bins (starting at ~1700 km or 2.9 
basin radii from the rim and ending at ~4500 km or 7.7 basin radii) vary between 2% and 
16%. The most distant bin from Imbrium, beginning ~4300 km (7.4 basin radii) from the 
rim, displays the lowest percentage of light plains at 2%.  The Imbrium bins, however, 
are also positively correlated with distance from Orientale. As such the effect of Imbrium 
has not been completely separated from that of Orientale in this comparison. 
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Figure 2.11. The distribution of light plains relative to the Orientale (top) and Imbrium 
(bottom) basins. The bins nearest to the Cordillera Mountains are dominated by the 
basin’s continuous ejecta deposit (shown in gray; see Fig 2.3). 
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The light plains have 321/415 nm values (average=0.72) that are identical to 
mature highland terrain (average=0.72) and are distinct from both non-mare volcanic 
regions, with values < 0.65, and the maria (Figure2.12, Table 1), which have 321/415 nm 
values of 0.70 or higher (average=0.74). In the thermal infrared, the light plains are 
indistinguishable from the highlands (both display CFs at 8.1-8.2 microns) and are 
distinct both from the maria (CF at 8.3-8.4 microns) and red spots (<7.8 microns, Table 
1). In a map of FeO (Lucey et al., 2000), the light plains have an average FeO abundance 
of 4 wt. %, similar to the 3.5 wt. % average of the highlands, and the maria range in FeO 
abundance from 8 wt. % to 24 wt. % (Table 1). The non-mare volcanic deposits have 
average value of 7 wt. % FeO (Hawke et al., 2003). If some light plains are endogenic in 
origin, then they must have compositions distinct from all known lunar volcanic deposits 
because their spectral values are distinct from known volcanics but nearly identical to the 
lunar highlands. If the light plains are related to impact processes, we cannot use spectral 
data alone to distinguish between primary ejecta and locally derived material because the 
Hevelius Formation, a primary product of excavation, also appears spectrally identical to 
the highlands. 
Table 2.1 
Properties of Light Plains in Comparison to Lunar Highlands and Volcanic Deposits 
 321/415 nm Ratioa FeO Contentb Christiansen Featurec 
Light Plains 0.72 4 wt. % 8.1-8.2 microns 
Mare 0.74 8-24 wt. % 8.3-8.4 microns 
Highlands 0.72 3.5 wt. % 8.1-8.2 microns 
Non-mare Volcanics <0.65 7 wt. % <7.8 microns 
aBoyd et al. (2014). bLucey et al. (2000). cGlotch et al. (2010) 
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Figure 2.12. Histogram showing the 321/415 nm ratio values for the light plains (blue), 
mare (orange), and non-mare volcanic deposits (green arrows). The dashed black arrow 
shows the average 321/415 nm ratio value of the highlands. 
 
The areas defined for crater measurements are small and display few craters >1 
km (Table 2.2), which increases the uncertainty of absolute model ages, and many 
secondary craters. Our age estimates for the eleven selected light plains deposits 
(Figure2.5, Table 2) vary from 3.61 Ga +0.03/-0.04 to 3.83 Ga +0.03/-0.04 and show no 
distinct spatial trend. The three count areas on the continuous ejecta vary from 3.68 Ga 
+0.05/-0.07 to 3.72 Ga +0.05/-0.07. The uncertainty estimates are based on the goodness 
of fit and do not take into account the total number of craters measured or uncertainty 
inherent to the chronology and production functions. Taken individually, the age 
estimates for the light plains suggest multiple events are responsible for the formation of 
light plains within the study area, and neither Orientale nor Imbrium alone produced the 
light plains deposits. This is true even for those deposits closest to the continuous ejecta 
of Orientale (Figure2.5: areas 1-3) that display morphologic ties to the continuous ejecta 
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and which present the widest range of ages for a given distan.ce with model ages that 
vary from 3.61 Ga +0.03/-0.04 to 3.75 Ga +0.03/-0.04 (Fig 2.13, Table 2.2). However, 
the model ages for the three large count areas directly on the continuous ejecta display a 
comparable spread of ages (including uncertainty estimates). If the CSFDs for all light 
plains areas are merged, warranted based on the morphological evidence that they may 
constitute one unit, there is no statistically significant age difference between the light 
plains (3.69 Ga +0.03/-0.04) and the continuous ejecta (3.68 Ga +0.03/-0.03) 
(Figure2.14), and both are consistent with the average age of the Orientale impact event 
(3.68 Ga +0.02/-0.03) as determined by Whitten et al. (2011) rather than the age of the 
Imbrium event (3.84 Ga +/- 0.04 at least) as determined by Nyquist et al. (1975). Though 
there are impacts located near the younger light plains units, there is no stratigraphic 
evidence to suggest they could be the source of the younger light plains. The light plains 
mapped in this work superpose other large basins that could have produced light plains, 
such as Hertzsprung. 
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Table 2.2 
Ages Derived from Crater Size–Frequency Distributions for the Hevelius Formation and 
Light Plains Deposits 
Area ID Area (km2) Total No. of Craters > 1 km 
Model 
Age (Ga) Error (Ga) 
HF 1 5.51E+04 227 3.68 +0.05/-0.07 
HF 2 5.70E+04 174 3.72 +0.05/-0.07 
HF 3 5.00E+04 281 3.71 +0.05/-0.09 
LP 1 9.02E+03 58 3.61 +0.03/-0.04 
LP 2 2.65E+04 81 3.75 +0.03/-0.04 
LP 3 5.10E+03 29 3.67 +0.04/-0.06 
LP 4 1.58E+04 76 3.74 +0.03/-0.04 
LP 5 1.18E+04 44 3.76 +0.03/-0.04 
LP 6 4.10E+03 23 3.68 +0.04/-0.06 
LP 7 1.38E+04 56 3.66 +0.06/-0.09 
LP 8 8.94E+03 57 3.7 +0.04/-0.05 
LP 9 7.23E+03 35 3.8 +0.03/-0.04 
LP 10 7.19E+03 32 3.71 +0.06/-0.12 
LP 11 7.44E+03 28 3.83 +0.03/-0.04 
HF Combined 1.62E+05 682 3.68 +0.03/-0.03 
LP Combined 1.17E+05 519 3.69 +0.03/-0.04 
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Figure 2.13. The absolute model ages (Ga) based on the Neukum et al. (2001) 
chronology are shown with their associated uncertainty for selected light plains (LP) 
deposits (areas shown in Figure 2.5). The dashed blue line shows the age estimate for the 
light plains when all count areas are combined with the blue box showing the error. The 
dashed red line shows the age estimate for the continuous ejecta of the Hevelius 
Formation (HF) when the three individual areas are combined with the red box showing 
the error. The dashed green line shows the best estimate for the age of the Imbrium basin 
(Nyquist et al., 1975). 
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Figure 2.14. The crater size–frequency distribution of the combined continuous ejecta 
areas (black) and the combined light plains (green) areas for craters ≥ 1 km in diameter. 
PF=Production Function, CF=Chronology Function. 
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Figure 2.15. (a) A ~10 km diameter crater is nearly buried ~572 km from the rim of the 
Orientale basin (image centered at 2.3°N 234.9°E) indicating thicknesses of <1.6 km, 
whereas (b) a ~3 km crater is visible through the light plains ~2150 km from the rim 
(image centered at 51.9°N 215°E) indicating thicknesses of <0.8 km. Mercator 
projection, WAC monochrome basemap. 
 
Where the Hevelius Formation transitions into light plains, craters larger than ~6 
km in diameter are still recognizable within the light plains. If the crater fill in this case is 
all light plains material, then the thickness of the light plains is 960 m. At the outermost 
edge of the study area, pre-existing craters larger than 3 km are visible (implying 480 m 
of fill) and more underlying topography shows through the light plains deposits (Figs. 
2.6d, 2.15). The presence of smaller pre-existing craters within the light plains deposits at 
greater distance from the basin rim suggests that the light plains thin with increasing 
distance from the basin. No such trend is displayed with respect to the Imbrium basin. 
The estimated thickness of the light plains deposits at given ranges from the center of the 
Orientale basin are substantially higher than predictions of ejecta thickness (McGetchin 
et al., 1973; Fassett et al. 2011).  At ~1200 km from the basin center, the light plains are 
~960-1400 m thick compared to predicted ejecta thickness values of ~90–310 m; at the 
outermost edge of the study area (~2600 km from the basin center) light plains are ~480–
700 m thick compared with ejecta thickness predictions of ~10-50 m. 
a b 
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2.4 Discussion 
The distribution of light plains with respect to the Cordillera Mountains, in 
conjunction with morphologic relationships to the continuous ejecta, indicate that the 
light plains are related to the formation of the Orientale basin. It’s likely that there is 
some contribution from local and regional impacts, but that contribution is not substantial 
enough to mask the overall trend in light plains distribution with increasing distance from 
Orientale. The presence of light plains superposed on large secondary chains indicates 
that some light plains were deposited after the emplacement of secondaries; however, 
clustering of light plains around secondary chains suggests that some light plains were 
deposited with secondary chains and that secondary ejecta could be a primary contributor 
in some areas. These interesting relationships may provide some insight into the dynamic 
process of ejecta emplacement, which has been described in detail at locations such as the 
Ries impact crater (Hörz et al., 1983). 
The widespread distribution of plains that resulted from the Orientale impact 
event implies a similar distribution once existed relative to Imbrium. Based on the 
anomalously high abundance of light plains in the bin nearest Imbrium (Figure2.11), it is 
likely that at least part of the light plains in the study area were created by ejecta from the 
Imbrium impact event. However, much of the terrain within the bin nearest Imbrium is 
also near (within 3 basin radii) Orientale, and in addition to creating more light plains 
deposits, the Orientale event likely resulted in the resurfacing of some fraction of the 
plains from Imbrium.  
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Knowledge of accurate ages of the light plains should in theory help to relate 
them to either Orientale, Imbrium, or another event. However, the light plains are small 
deposits with few craters >1 km in diameter to measure (tens compared to the hundreds 
of craters available on the continuous ejecta, Table 2.2). The small number of craters 
available within the light plains for measuring makes it unlikely that the model age 
estimates of individual light plains deposits are truly robust, and we thus cannot use ages 
to definitively tie the individual light plains areas to a particular event. However, when 
the individual count areas are combined, we find they share a similar crater population to 
the Orientale continuous ejecta, except at the largest diameters (Figure2.14). While the 
continuous ejecta has superposed craters up to 50 km in diameter, there is a lack of 
craters >14 km in the light plains. We interpret this difference as a consequence of the 
fact that large craters disrupt light plains deposits, rendering them unrecognizable as 
plains, rather than due to a difference in age. Therefore, we find that the CSFD for the 
combined light plains support a common origin of continuous ejecta and light plains, but 
we cannot rule out some contribution from other events.  
If the light plains within the study area were formed as part of the Orientale event, 
then the thickness of the light plains would be expected to decrease with increasing 
distance from the basin rim. Craters larger than ~6 km in diameter are still recognizable 
in the light plains near the rim of Orientale, but there are many pre-existing craters larger 
than 3 km and more underlying topography showing through in the light plains at the 
outermost extent of the study area, indicating that the light plains deposits do thin with 
increasing distance from the basin rim (Figure2.15).  The large differences (on the order 
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of ~10x) between our estimates of thicknesses for the light plains and predictions of 
ejecta thickness by McGetchin et al. (1973) and Fassett et al. (2011) may be due to light 
plains preferentially accumulating in topographic lows rather than being uniformly spread 
over the area. Incorporation of a substantial portion of local material into the light plains 
also likely contributes to the differences with primary ejecta thickness predictions; it is 
also possible that these models may underestimate ejecta thicknesses at large distances or 
that the light plains thickness has been overestimated due to preexisting crater fill. 
2.5 Conclusions 
This study demonstrates that Orientale light plains are more abundant than 
previously estimated (Scott et al., 1977), and cover 12% of the total study area. Though a 
volcanic origin cannot be ruled out for all light plains deposits, we find no evidence for 
such an origin for any of the light plains within our study area. Ultraviolet through 
infrared spectral measurements of the light plains suggest their composition is identical to 
that of the highlands in which they are found, which is consistent with an origin as 
primary ejecta or local material mobilized by primary or secondary ejecta during an 
impact event. Estimates of the thickness of the light plains from partially buried craters 
are greater than predicted by models for primary ejecta, which may be due to the 
contribution from local material. Thickness estimates from partially buried craters also 
suggest that the light plains thin with increasing distance from the basin rim; the marked 
decrease in areal abundance of mapped light plains beyond ~1800 km (~4 basin radii) 
from the Orientale rim and the distribution of light plains over a wide range of elevations 
are consistent with the majority of plains within the established area having formed as 
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part of the Orientale impact event. East to west variations in the distribution indicate 
heterogeneities in the deposition, likely due to the presence of large secondary chains 
originating from Orientale and to pre-existing low-lying areas. Morphologic ties, such as 
gradational relationships between the continuous ejecta and light plains, and clustering of 
plains around Orientale secondary chains, are also indicators that the light plains and the 
continuous ejecta were both formed as a result of the Orientale impact event. If taken at 
face value, the model ages of some light plains contradict some of the morphologic 
relationships and suggest multiple origins, as do the ages of the count areas on 
Orientale’s continuous ejecta. However, the difference in the CSFDs of the combined 
light plains units and the continuous ejecta are not statistically significant, meaning they 
could be of similar age. In summary, the composition, distribution, morphology, and ages 
of the light plains observed in this study can all be tied to the Orientale impact event. We 
therefore conclude that the majority of light plains within the study area likely formed as 
a result of this single, basin-forming impact event, which profoundly affected the area 
within four basin radii of the rim. 
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CHAPTER 3 
THE GLOBAL DISTRIBUTION OF LUNAR LIGHT PLAINS FROM THE LUNAR 
RECONNAISSANCE ORBITER CAMERA 
 
This chapter is a manuscript in preparation with the following co-authors: M. S. 
Robinson, B. W. Denevi, and A. K. Boyd. 
3.1 Introduction 
 Light plains are the most extensive of the distinctive highland deposits (Howard et 
al., 1974), covering ~9% of the lunar surface. However, relatively little is known about 
the formation of light plains. The majority of light plains are thought to have been 
deposited through impact processes, including both the formation of large basins 
(Eggleton and Schaber, 1972; Boyce et al., 1974; Meyer et al., 2016) and/or local and 
smaller-scale (<300 km) impacts (Head, 1974; Oberbeck et al., 1974). While smaller 
impact craters are well studied, the basin formation process is poorly understood due to 
their large scale and lack of well-preserved terrestrial counterparts. The relationship 
between light plains and basin formation is, therefore, of particular interest. The 
mechanisms behind the emplacement of basin-type light plains are unclear, and many 
questions remain. For example, (1) are light plains the result of excavation and deposition 
of local material by secondary craters (Oberbeck et al., 1975)? (2) To what degree does 
impact melt play a role in the formation of light plains? (3) To what degree do large 
basins contribute to the global population of light plains? Understanding the distribution 
and formation mechanism of light plains is critical to answering these questions. 
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Additionally, the distribution and characteristics of basin emplaced light plains (see 
Meyer et al., 2016) can be used to constrain the timing of key events in the evolution of 
the Moon. 
However, not all light plains are related to impact events. For example, the 
Apennine Bench Formation includes light plains interpreted to have formed as non-mare 
volcanic materials, specifically post-Imbrium Potassium, Rare-Earth-Element and 
Phosphorous (KREEP) rich basalts (Hawke and Head, 1978; Spudis, 1978), and some of 
the light plains within the Fra Mauro region have been interpreted as volcanic based on 
compositional evidence from remote sensing data (Hawke and Head, 1977; Charette et 
al., 1977). Cryptomare deposits, basaltic plains covered by an ejecta coating, have also 
been identified among light plains using compositional analyses of dark halo craters 
(DHCs) (e.g., Schultz and Spudis, 1979; Whitten and Head, 2015). This volcanic subset 
of light plains provides information about the evolution of the lunar interior. In order to 
identify cryptomare deposits, the location and extent of light plains deposits and DHCs 
must be known with confidence. 
In this work, we present a new global map of lunar light plains and assess their 
large-scale distribution and characteristics as an additional step toward understanding 
both the role of large basin-forming impacts in shaping the lunar surface and the duration 
of volcanic activity on the Moon.  
3.2 Background  
The geologic unit we now identify as light plains was first described using 
telescopic observations as “Apenninian veneered mare-like surfaces”, interpreted as a 
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smooth facies of the Apenninian series (Imbrium ejecta) within the Ptolemaeus region of 
the Moon (Eggleton and Marshall, 1962). Later, these deposits were distinguished from 
the Imbrium ejecta (Fra Mauro Formation) (Hackman, 1964; Wilhelms, 1965, 1970) and 
would come to be known as the Cayley Formation, the type region for light plains. The 
Cayley Formation (Figure 3.1) is named for the nearby crater Cayley (15.089°N 
3.939°E). Analyses of telescopic and Lunar Orbiter data, prior to the landing of Apollo 16 
within the Cayley Formation (Figure 3.2), largely favored a volcanic origin given the 
resemblance of the Cayley plains to the smooth, level mare plains (Milton, 1964; Milton, 
1968; Wilhelms and McCauley, 1971; Milton, 1972; Hodges, 1972; Trask and 
McCauley, 1972). Some, however, favored an impact origin (e.g., Eggleton and Marshall, 
Figure 3.1. The Cayley Formation, type region for light plains (outlines in pink from 
Wilhelms and McCauley, 1971), LROC WAC mosaic centered at 4°N 15.7°E. 
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1962). With the return of impact breccias rather than volcanic rocks from Apollo 16 
(Muehlberger et al., 1972), the Cayley Formation was reinterpreted as fluidized basin 
ejecta (Eggleton and Schaber, 1972) emplaced as part of the Imbrium basin-forming 
event. As a result, the majority of light plains globally have been subsequently interpreted 
as the result of impacts exclusively, though cryptomaria (both impact-related and 
volcanic) make up a significant portion of light plains on the nearside (Whitten and Head, 
2015). Some light plains deposits have also been interpreted as non-mare/non-cryptomare 
volcanics primarily based on age estimates that are younger than any of the large basins 
(e.g., Neukum, 1977; Koehler et al., 1993; Koehler et al., 2000). 
Figure 3.2. The Apollo 16 landing site within Cayley plains (outlined in pink) 
(Wilhelms and McCauley, 1971), LROC WAC mosaic centered at 8.89°S 
15.44°E. 
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The first global map of light plains (Figure 3.3) was compiled from the existing 
literature and regional maps (Howard et al., 1974; Map references: Hackman, 1964; 
Wilhelms, 1965; Morris and Wilhelms, 1967; McCauley, 1967; Wilhelms, 1970; Stuart-
Alexander and Howard, 1970; Wilhelms and McCauley, 1971; McCauley and Wilhelms, 
1971; Scott, 1972; Wilhelms and E1-Baz, unpublished data, 1974). Analysis of the global 
map supported the hypothesis that some light plains formed in conjunction with large 
basins, and Howard et al. (1974) noted, as others had (e.g., Eggleton and Marshall, 1962; 
Eggleton and Schaber, 1972), that the light plains cluster around the textured ejecta 
blankets of large basins. According to the global map, the light plains covered 4% of the 
lunar surface (Howard et al., 1974). Later, the United States Geological Survey (USGS) 
produced a series of regional maps that collectively cover the entire lunar surface 
(Wilhelms and McCauley, 1971; Scott et al., 1977; Wilhelms and El-Baz, 1977; 
Figure 3.3. Global map of light plains showing the distribution of light plains on the 
nearside (left) and farside (right), compiled by Howard et al. (1974). 
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Lucchitta, 1978; Stuart-Alexander, 1978; Wilhelms et al., 1979), with each individual 
light plains deposit (Figure 3.4) interpreted as either volcanic or impact-related 
(Appendix A), accounting for ~5% of the lunar surface.  
Previous mapping efforts that included light plains relied on Lunar Orbiter, Zond 
7 and 8, Mariner 10, and Apollo images, but inconsistent resolution and illumination 
conditions made it difficult to identify and compare units at the global scale. Since its 
commissioning, the Lunar Reconnaissance Orbiter Camera (LROC) has captured images 
of the surface at ~100 m/pixel with the Wide Angle Camera (WAC) and Narrow Angle 
Camera (NAC) at pixel scale of ~50 cm/pixel (Robinson et al., 2010), and the LROC 
team produced global mosaics with near-constant angle and pixel scale. A few studies 
have been conducted using high-resolution LROC WAC and NAC data to look at the 
origins of specific light plains deposits (e.g., Thiessen et al., 2012; Ivanov et al., 2015, 
Figure 3.4. Light plains units (pink) from the 1:5,000,000 series of lunar maps by the 
USGS overlain on an LROC WAC mosaic. 
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2017). The only subsequent global map of light plains since LRO entered orbit was 
produced (Figure 3.5) using an automated detection algorithm with input parameters from 
the LROC WAC images and topography (Scholten et al., 2012) and Clementine FeO 
maps (Lucey et al., 2000) and included all smooth plains (Boyd et al., 2012). This 
automated classification showed that the highland smooth plains (i.e., light plains) were 
more abundant than previously observed, at 9% of the lunar surface (Boyd et al., 2012); 
however, no investigation into the origin of the highland smooth plains was undertaken. 
Meyer et al. (2016) compared the results of the automated classification and manual 
mapping and found that the automated classification performed poorly along boundaries 
and in some cases over- or under-mapped light plains.  
Smaller-scale analyses of light plains within the South Pole-Aitken (SPA) basin 
suggested that a single, basin-related origin was unlikely for all of the fourteen light 
Figure 3.5. The automated classification by Boyd et al. (2012) for highland smooth 
plains (blue) overlain on an LROC WAC mosaic. 
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plains deposits analyzed based on (1) a 380 Ma spread in ages and (2) mare-like 
composition (specifically, high FeO) among some light plains within SPA (Thiessen et 
al., 2012). A detailed study of the geologic context of the Boguslawsky region within 
SPA showed that the light plains within Boguslawsky were the most likely the result of 
local impacts (Ivanov et al., 2015; Ivanov et al., 2017).  A regional map of the farside 
highlands (Meyer et al., 2016) reinforced previous observations of clustering around 
basins, specifically the Orientale basin, and quantified the change in light plains 
distribution with respect to the basin, showing a correlation between the areal abundance 
and thickness of light plains and distance to the basin rim (Meyer et al., 2016). This 
regional map also showed that light plains were more abundant than previously thought 
(11% of the study area) and suggested that the majority of light plains within the farside 
highland study area formed with the Orientale basin-forming impact, effectively 
expanding the zone of modification for the Orientale basin out to at least 4 radii from the 
rim (Meyer et al., 2016). To date, no evidence for a previously unidentified volcanic 
origin has been found for light plains.  
Because there has been confusion in the community recently over the usage of 
various terms to refer to light-colored plains deposits of volcanic and/or impact related 
origins, we dedicate the following sections to summarizing the defining characteristics of 
light plains deposits and the subsequent divisions of these units.  
3.2.1 Defining Light Plains 
Historically, light plains have been identified by morphology and relative albedo, 
with crater density and superposition relationships used to interpret their origins. Taken 
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together, previous definitions (Appendix A) can be reduced to a fundamental 
morphology- and reflectance-based definition, which can then be applied globally: 
smooth, flat to undulatory terrain of intermediate to high albedo relative to the maria, 
occurring mostly in topographic lows, often with sharp contacts but also, less frequently, 
gradational. This definition is applied throughout this work and translated into physical 
mapping parameters.  
Though this work applies a generic definition including all light plains, significant 
effort has gone into delineating between origins for specific deposits. The subdivisions 
described below are distinguished on the basis of well-established criteria and distinct 
interpretations of the origin of those criteria. The exact contribution of each type to the 
global light plains population is unknown.  
3.2.2 Impact-related Light Plains 
Cayley Plains 
The term light plains is most often associated with the Cayley plains (Figures 3.1 
and 3.2). Cayley plains are smooth, flat, intermediate-to-high albedo deposits typically 
occupying topographic lows and often displaying both gradational and sharp embayment 
relationships with basin ejecta (Eggleton and Schaber, 1972; Scott et al., 1977). These 
deposits can be locally undulatory and may have kipukas of pre-existing features. They 
are largely thought to be related to the formation of large basins, but the exact mechanism 
of formation remains uncertain. Proposed mechanisms include fluidized basin ejecta 
(Eggleton and Schaber, 1972; Chao et al., 1973; Hodges et al., 1973; Howard et al., 
   44 
1974), secondary crater ejecta mixed with local material (Oberbeck et al., 1973; 
Oberbeck et al., 1974; Oberbeck et al., 1975), and ejecta from multiple local and regional 
impacts (Head, 1974; Oberbeck et al., 1974). Cayley plains are of particular interest 
because they may provide insight into the basin formation process and erosive and 
depositional power of basins, as well as put constraints on basin stratigraphy.  
Impact Melt 
Some deposits mapped as light plains have subsequently been identified as impact 
melt (e.g., Milton, 1968; Wilhelms and McCauley, 1971; Hodges et al., 1973; Hawke and 
Head, 1977). Impact melt forms through melting and vaporization of target materials due 
to shock during crater formation (e.g., Gault et al., 1968). Impact melt deposits are 
generally flat and smooth, with intermediate albedo, and are distinguished by their 
locations in and around craters (Figure 3.6a) and, if formed recently, small-scale features 
resembling terrestrial lava flows: ponds, lobate flows, channels, tension cracks (Figure 
Figure 3.6. (a) LROC WAC mosaic of Copernicus crater (96 km) and its smooth floor, 
(b) LROC NAC image of tension cracks on the floor of Copernicus (denoted by white 
arrows). 
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3.6b), veneers, sprays, and sheets (e.g., Howard and Wilshire, 1975; Hawke and Head, 
1977; Denevi et al., 2012; Stopar et al., 2014). Typically, it is thought that most melt that 
is retained by the impact stays within the crater cavity, but oblique impacts in particular 
can eject significant quantities of melt outside the crater. Recent work has shown that 
melt in and around lunar impacts is more voluminous and extensive than previously 
thought (Denevi et al., 2012), which is important because the abundance and distribution 
of impact melt deposits allows us to estimate the energy involved in a given impact.  
 
 
 
Figure 3.7. Examples of volcanic light plains: (a) the unique KREEP basalts of the 
Apennine Bench Formation (ABF) and (b) mare basalts buried by Orientale ejecta within 
Schickard and Wargentin craters. White arrows denote dark halo craters. LROC WAC 
mosaics centered at (a) 24.99°N 356.7°E and (b) 45.62°S 302.85°E. 
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3.2.3 Volcanic Light Plains 
Non-mare Volcanic Plains 
The Apennine Bench Formation (Hackman, 1966), located in the southeast 
portion of the Imbrium basin, is similar in appearance to Cayley plains (Figure 3.7a). Due 
to its distinct composition and volcanic surface features, however, it has been interpreted 
as a large exposure of KREEP basalts, with moderate albedo likely due to relatively low 
iron and titanium abundances with respect to the maria (Spudis, 1978; Hawke and Head, 
1978; Taylor et al., 2012). This compositionally distinct volcanic deposit provides 
information regarding the volcanic history of the Moon complementary to the more 
extensive maria. 
Cryptomaria 
Cryptomaria form when highland ejecta covers over a mare deposit, creating a 
smooth and flat, moderate- to high-albedo deposit (Figure 3.7b). There are four 
designations of cryptomaria based on the source of the ejecta or the type region 
(Antonenko et al., 1995; Giguere et al., 2003; Hawke et al., 2005): Copernicus type 
(ejecta from a single impact), Balmer type (ejecta from multiple impacts), Proximal basin 
type (primary basin ejecta), and Distal basin type (distal basin ejecta likely mixed with 
local material). The only way to identify cryptomaria with confidence is through the 
presence of dark halo craters (DHCs) (e.g., Schultz and Spudis, 1979; Whitten and Head, 
2015). When a DHC is formed, the bolide excavates through the veneer of highlands 
ejecta and ejects mare material from depth. The DHC is identifiable in both visible 
images (low albedo haloes) and spectral data due to enhanced mafic content in mare 
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deposits. Because cryptomaria are likely smooth and flat due to the presence of the pre-
existing, smooth mare surface, they are categorized as volcanic in origin; however, in 
principle, cryptomaria could exist beneath Cayley plains as well. As the majority of 
basins formed >~3.7 Ga, any cryptomaria lying beneath their ejecta (proximal or distal 
type cryptomaria) would be considered ancient and could, therefore, yield information 
about the volcanic and thermal history of the Moon.  
One interesting example of cryptomare is found in Van de Graaf crater within the 
SPA basin, which displays enhanced thorium (e.g., Bielefield et al., 1976; Metzger et al., 
1977) typical of KREEP terrains and an enhanced local magnetic field (Coleman et al., 
1972). In the case of Van de Graaf, its moderate albedo is due to ejecta from Birkeland 
crater (Stuart-Alexander, 1978), a visible swirl (Stuart-Alexander, 1978), and to its 
relatively low titanium content (e.g., Bielefield et al., 1976; Metzger et al., 1977). 
3.3 Data and Methods 
The Lunar Reconnaissance Orbiter Camera (LROC) is an imaging system on the 
Lunar Reconnaissance Orbiter (LRO). It consists of two Narrow Angle Cameras (NACs) 
with a pixel scale of ~50 and a Wide Angle Camera (WAC) with a central pixel scale of 
75 m from a 50 km altitude (Robinson et al., 2010). The WAC can image in monochrome 
(90° field of view) or color mode (60° field of view) with seven bands ranging from 321 
nm to 689 nm. The light plains were manually mapped, consistent with the methods of 
Meyer et al. (2016), using LROC data with ArcGIS 10.5. Two LROC WAC mosaics 
acquired with opposite solar azimuths were used to minimize lighting biases (Figure 
3.8a,b). The WAC mosaics were used to identify smooth and relatively flat to undulatory 
   48 
terrain. In the highlands, the deposits had to display at least a partially distinct margin in 
order to be distinguished as a separate unit from background highland terrain. Light 
plains were distinguished from mare smooth plains using a global map of the lunar maria 
(Nelson et al., 2014). Features of interest were investigated in greater detail using LROC 
NAC images (~50 cm/pixel) as well as Kaguya Terrain Camera (TC) images (~10 
m/pixel) (Haruyama et al., 2008).  
A roughness parameter was used in conjunction with the WAC mosaics (Figure 
3.8c) to confirm that deposits were demonstrably flat and smooth and should be included. 
Roughness was derived from the standard deviation of slopes calculated from the WAC 
topography (GLD100: Scholten et al., 2012) over three different baselines: 1000, 667, 
and 333 meters (Boyd et al., 2012). Slopes derived over the three baselines were 
combined into a red, green, blue composite image, where smooth plains that were 
predominantly dark in all three channels (i.e., low roughness values) were included. 
However, margins were mapped visually on the higher resolution WAC mosaic, so in 
some areas the margins appear to have high roughness values due to the difference in 
pixel scale. Superposed craters were only removed if they disrupted the surface 
sufficiently to make it unrecognizable as light plains.  
In areas of ambiguity, the automated classification algorithm developed by Boyd 
et al., (2012), previously tested by Meyer et al. (2016), was used for clarification. For 
their classification, light plains were identified by the following criteria: (1) terrain 
having slopes <2 ° over a 1-km baseline, (2) 643 nm normalized reflectance values 
>0.056, (3) 321/415 nm ratio <0.74, and (4) Clementine-derived FeO values <12 weight 
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percent. For the purposes of this work, the light plains were not further subdivided into 
the impact-related or volcanic deposits described in sections 3.2.2 and 3.2.3 with the aim 
of assessing the distribution of light plains as a whole without a priori knowledge of their 
origin.  
To understand the relationship between light plains and large basins, the 
distribution of light plains was compared to the positions of large basins qualitatively. 
The map was also compared to an existing cryptomaria map (Whitten and Head, 2015) to 
support interpretations of the distribution of light plains. The LROC WAC topography 
(Scholten et al., 2012) was employed to understand the relationship between the 
distribution of light plains and topography. The global light plains map was also 
compared with pre-existing maps of light plains from Howard et al. (1974) and the 
Geologic Atlas of the Moon (1:5,000,000) from the USGS (GIS Shapefile by Fortezzo 
and Hare, 2013; Original maps: Wilhelms and McCauley, 1971; Scott et al., 1977; 
Wilhelms and El-Baz, 1977; Lucchitta, 1978; Stuart-Alexander, 1978; Wilhelms et al., 
1979). To assess the overall composition of the light plains and to delineate where 
possible between volcanic/non-volcanic deposits and locally derived externally emplaced 
material, the spectral and compositional characteristics of the light plains were 
determined using a Clementine FeO map (Lucey et al., 2000) and a WAC 321/415 nm 
ratio map. In the FeO map, known volcanic and highland materials are clearly separable 
(Lucey et al., 2000). In the WAC 321/415 nm ratio map, both mare and non-mare 
volcanics have distinct properties with respect to the highlands (Robinson et al., 2007; 
Denevi et al., 2014; Sato et al., 2014). 
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Figure 3.8. Mapping basemaps: (a) WAC morphology basemap illuminated from the 
East, (b) WAC mosaic illuminated from the West, (c) roughness map from Boyd et al. 
(2012). For reference, light plains are outlined in yellow, and mare ponds are outlined in 
blue from Nelson et al. (2014) in the right-side panels. Images centered at 16°N 263°E, 
equirectangular projection. 
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3.4 Results 
3.4.1 Distribution 
Light plains occupy ~9.5% of the surface: ~9% of the farside and 10% of the 
nearside (Figure 3.9), comparable to the findings of Boyd et al. (2012). This new map is 
largely consistent with previous maps, with the primary difference being small light 
plains deposits now identified amongst previously undivided terra (Howard et al., 1974; 
Wilhelms and McCauley, 1971; Scott et al., 1977; Wilhelms and El-Baz, 1977; Lucchitta, 
1978; Stuart-Alexander, 1978; Wilhelms et al., 1979). Consistent with many previous 
observations (e.g., Eggleton and Schaber, 1972; Howard et al., 1974), the light plains 
appear to cluster primarily around the large basins. Ray-like clustering of small light 
plains deposits are observed to the north, northwest, and southeast of the Orientale basin, 
and southwest across the SPA basin, all radial to the Orientale basin (Figure 3.10). These 
ray-like clusters often occur in close proximity to large secondary chains, but the light 
plains are observed both on top of and overprinted by the chains. The ray-like clusters 
become patchy and disrupted with increasing distance from the Orientale basin, and the 
areal abundance appears to drop off ~4 radii from the rim, consistent with the results 
from Meyer et al. (2016) to the north/northwest. The ray-like clustering appears to be 
disrupted by ejecta from Kovalevskaya, Klute W, Morse, and Jackson craters (Figure 
3.10). Light plains to the north of the Orientale basin appear more densely clustered and, 
in some cases, larger on average than those in the northwest. Mare to the east and 
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northeast of the Orientale basin obscure the  surface, limiting analysis of light plains 
associated with the basin in that region. Light plains within ray-like clusters around the 
Orientale basin account for ~45% of all light plains. Within the Orientale basin, portions 
of impact melt deposits (Scott et al., 1977; Morse et al., 2017) and the previously defined 
Figure 3.9. New global map of light plains (yellow) overlain on the WAC morphology 
basemap. Orthographic views of (a) the north pole (90°N 0°E), (b) the south pole (90°S 
0°E), (c) the nearside (0°N 0°E), (d) the farside (0°N 180°E), and (e) an equirectangular 
view of the Moon centered at 0°N 0°E. 
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domical facies (Scott et al., 1977) meet the criteria for inclusion as light plains. Directly 
beyond the continuous ejecta, some previously identified melt-rich deposits from the 
Orientale basin (Scott et al., 1977; Morse et al., 2017) are also included.  
Figure 3.10. Disrupted light plains. LROC WAC mosaic showing the farside highlands 
to the northwest of the Orientale basin (on the lower right) with light plains (yellow) 
overlain, orthographic projection centered at 10°S 206°E. The locations of impact craters 
that disrupt ray-like clustering are numbered: (1) Kovalevskaya (30.86°N 230.56°E), (2) 
Klute W (37.98°N 216.6°E), (3) Morse (21.89°N 184.70°E), and (b) Jackson (22.05°N 
196.68°E).  
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Clustering of light plains, though less ray-like, is also observed within the central 
nearside highlands, radial to the Imbrium basin (Figure 3.9a,c,e; Figure 3.11). Like the 
farside light plains, the clustering within the central nearside highlands becomes patchy 
and disrupted with increasing distance from the Imbrium basin. Light plains within 
clusters around the Imbrium basin account for ~25% of all light plains. The areal 
abundance appears to drop off into small patches ~2100 km from the rim or ~3.6 basin 
radii, similar to the trend observed around Orientale. 
 Large areas that lack light plains are likely due to disruption by Moretus (~114 
km) and Tycho (~85 km) craters, where clustering radial to both the Imbrium and 
Orientale basins appears to intersect. In both locations, ejecta overlies light plains in the 
area, and both ejecta and secondaries appear to have obscured and modified otherwise 
smooth, flat surfaces near the crater. Similar disruption in the ray-like clustering also 
occurs around Theophilus (~98 km) and Cyrillus (~98 km) craters, Fabricius crater (~79 
km), and the clustered Piccolomini (~88 km), Rothmann (~42 km), Lindenau (~53 km), 
and Stiborius (~44 km) craters (Figure 3.11). Light plains beyond ~2 radii from the 
western rim of the Imbrium basin also form clusters, but they are oriented radially from 
the Orientale basin rather than the Imbrium basin. Ray-like clustering is predominantly 
found in high-standing, hummocky topography. 
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Larger, more continuous light plains are observed to the southeast and southwest 
of the Orientale basin (Figure 3.9b,d,e) in areas interpreted as cryptomaria (Whitten and 
Head, 2015 and references therein) and to the north of the Orientale basin along the edge 
Figure 3.11. Light Plains (yellow) in the Central Nearside Highlands. Areas that appear 
to disrupt clustering are numbered: (1) the Tycho region (43.29°S 348.78°E), (2) Moretus 
crater (70.63°S 354.05°E), (3) Theophilus (11.45°S 26.28°E) and Cyrillus (13.29°S 
24.06°E), (4) the tightly grouped Piccolomini, Rothmann, Lindenau, and Stiborius craters 
(32.82°S 29.86°E), and (5) Fabricius crater (42.75°S 41.84°E). LROC WAC mosaic, 
orthographic projection centered at 28°S 13°E. 
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of Oceanus Procellarum (Figure 3.9d,e). Larger deposits are also observed (1) within the 
northern nearside directly north of Mare Frigoris, (2) the central nearside from Stofler 
crater to the southern edge of Mare Vaporum, (3) from Lobachevsky crater to Espin 
crater, (4) from Petavius crater to La Perouse crater, (5) the southern/southeastern edge of 
Mare Marginis, and (6) the northeastern and southern/southwestern margins of Mare 
Smythii. Of these six regions, portions of at least three have been interpreted as 
cryptomaria (3-5: Whitten and Head, 2015). Large, continuous light plains are primarily 
associated with extensive regions of low-lying, flat topography, including within large 
impact craters. 
Light plains around other large basins, namely the Serenitatis and Crisium basins, 
are primarily patchy and discontinuous (Figure 3.12). Larger, more continuous deposits 
to the north and southwest of the Serenitatis basin are part of the ray-like clustering radial 
to the Imbrium basin (#1 in Figure 3.12). At least seven of the larger light plains deposits 
to the north, east, and southeast of the Crisium basin were previously mapped as mare 
materials (Wilhelms and McCauley, 1971; Wilhelms and El-Baz, 1977), but they are not 
included in the most recent global mare map (Nelson et al., 2014), or cryptomare map 
(Whitten and Head, 2015) (#2 in Figure 3.12). Light plains to the northeast of Crisium are 
disrupted and partially superposed by ejecta and secondaries from the more recent 
formation of Hahn and Plutarch craters. Larger, more continuous deposits to the south 
and southeast of Crisium have been previously identified as cryptomaria (Whitten and 
Head, 2015) (#3-4 in Figure 3.12). Light plains to the west-southwest of the Crisium 
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basin are relatively continuous and occur among hummocks aligned roughly radially to 
the Imbrium basin or the Serenitatis basin (#5 in Figure 3.12). 
 
3.4.2 Composition 
In the Clementine FeO map (Lucey et al., 2001), the light plains globally exhibit 
an average FeO content of 6 weight percent (wt. %), higher than the average observed 
previously for highland light plains in the Orientale pilot study (Figure 3.13) (4 wt. %: 
Figure 3.12. Light Plains (yellow) around the Serenitatis and Crisium Basins. (1) 
Imbrium ray-like clusters, (2) light plains previously mapped as mare, (3-4) previously 
identified cryptomare (5) likely Imbrium light plains. LROC WAC mosaic, 
equirectangular projection centered at 16°N 45°E. 
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Meyer et al., 2016). Light plains within the SPA basin (9.5 wt. % on average) are 
distinctly enriched in FeO with respect to light plains outside the SPA basin (4.5 wt. % on 
average: Figures 3.13 and 3.14) and SPA background average (9 wt. %), but they are 
lower than or comparable in FeO content to the maria (8-24 wt. %). Non-mare volcanic 
deposits have an average FeO content of 7 wt. %. Some light plains occurring in close 
proximity to the maria (>9 wt. %) as well as cryptomare deposits (8.5 wt. %) also show 
enrichment in average FeO relative to the global average for light plains. When the SPA 
light plains, light plains that occur in contact with the maria, and cryptomaria are 
excluded, the light plains average FeO content drops to ~4 wt. %. 
Figure 3.13. Histogram of FeO Content for the Global Light Plains in Comparison to 
Other Lunar Terrains. 
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Figure 3.14. Clementine FeO Abundance among Light Plains at SPA Basin. LROC 
WAC mosaic, equirectangular projections centered at 21°S 161°E. 
Consistent with previous work (Meyer et al., 2016), the light plains as a whole 
exhibit an average ratio value of 0.72 in the WAC 321/415 nm ratio map (Figure 3.15), 
indistinguishable from average values for mature highlands and cryptomaria. The light 
plains within the SPA basin display a comparable average value of 0.71, and light plains 
in close proximity to the maria display average values of 0.73. The maria exhibit ratio 
values averaging 0.74, and non-mare volcanics have an average ratio of 0.65 or below.   
The region surrounding Franklin crater (Figure 3.16) exhibits light plains that 
were previously mapped both as light plains and mare deposits (Wilhelms and McCauley, 
1971), but the individual units mapped as mare (Figure 3.16a) were excluded from the 
more recent global mare map (Nelson et al., 2014) and cryptomare map (Whitten and 
Head, 2015). The deposits display enriched FeO values relative to the surrounding 
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highlands, but lower than the nearby mare (Figure 3.16b,d). One crater in the area 
(36.9939°N 44.4535°E) is observed within a lower albedo region, but it is not clear 
whether this is due exposure of low reflectance mare material within its ejecta as 
expected for cryptomaria, or if it’s simply a lower albedo spot within the lighter deposit. 
Franklin H (~5 km), however, is ringed by higher albedo ejecta, suggesting that the 
moderate albedo surface is less than ~1 km thick (Pike, 1974). Based on their moderate 
albedo and enrichment in FeO, these light plains appear to be mare deposits that are 
thinly dusted with highland material, i.e. cryptomare.  
 
 
Figure 3.15. Histogram of WAC 321/415 nm Ratio Values for Light Plains Compared to 
Other Lunar Terrains. 
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Figure 3.16. Light Plains Previously Mapped as Mare. (a) WAC mosaic with Wilhelms 
& McCauley (1971) mare overlain in blue, (b) Clementine FeO with Wilhelms & 
McCauley (1971) mare overlain in blue, (c) WAC mosaic with light plains (yellow) and 
the global mare shapefile (green) overlain, (d) Clementine FeO with light plains (yellow) 
and the global mare shapefile (black) overlain. In the FeO images, orange is high FeO, 
and yellow is low. 
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3.4.3 Regions of Interest 
The following light plains deposits are assessed individually because they do not 
occur within close proximity of other light plains deposits of similar size. Eight 
anomalous light plains deposits are observed within or around large impact craters or 
basins (Figures 3.17): (1) Hertzsprung (~536 km), (2) Korolev (~423 km), (3) Mendeleev 
(~325 km), (4) Schrödinger (~316 km), (5) d’Alembert (~233 km), (6) Schwarzschild 
(~211 km), (7) Zeeman (~186 km), and (8) Fabry (~179 km). Hertzsprung and Korolev 
(Figure 17a,b) are found among ray-like clusters, and their floors contain vast light plains 
deposits (>30,000 km2 and >74,000 km2, respectively). The WAC topography shows that 
the light plains primarily occupy the flat basin floors, but they are also found in local 
topographic lows along the basin rims. There is no FeO enrichment or elevated 321/415 
nm ratio value relative to the highlands to suggest that these basins host volcanic 
materials. Mendeleev (Figure 17c) is located just outside of the ray-like clustering 
associated with the Orientale basin in the farside highlands. It too contains a vast light 
plains deposit both on the floor and along the rim (>38,000 km2). It was previously 
suggested that the floor of Mendeleev was slightly enriched in FeO and TiO2 and may be 
a cryptomare deposit, but we see no enrichment in the Clementine FeO and no elevated 
321/415 nm ratio, consistent with recent M3 observations (Whitten and Head, 2015). 
Small-scale impact melt features are lacking in NAC and TC images of the floors of 
Hertzsprung, Korolev, and Mendeleev, as expected for old impacts. 
Approximately 65% of the floor of the Schrödinger basin (Figure 17d) is occupied 
by light plains, with the peak ring and localized volcanic deposits occupying the rest 
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(Kramer et al., 2013). Analyses with M3 data have shown that the majority of non-
volcanic, smooth floor materials are glassy and, therefore, consistent with impact melt 
(Kramer et al., 2013). Enhanced FeO values are limited to the immediate vicinity of 
volcanic vents in the floor. Schrödinger displays extensive near-rim deposits of impact 
melt (Kramer et al., 2013). Outside the basin, Schrödinger does not display ray-like 
clustering to the extent observed around the Orientale and Imbrium basins, but it does 
display clustering to the northeast and west that may be Cayley-type plains. However, 
analysis of the distribution of light plains outside Schrödinger is complicated by the 
presence of mare ponds, cryptomare deposits, and large, relatively young impact craters 
(e.g., Antoniadi, Lyman, and Hale).  
D’Alembert (Figure 3.17e) is also located just beyond the ray-like clustering 
associated within the Orientale basin on the farside. The light plains in this area were 
previously interpreted as having formed with Imbrium (Stuart-Alexander, 1978). Though 
the entire floor is flat and low-lying, less than half of the floor is occupied by light plains 
(~19,000 km2 occupying the southwest). The rest of the floor displays a roughened 
surface due to ejecta and secondary craters from Slipher and other more recent primary 
craters. The light plains in d’Alembert appear to embay the ejecta of Slipher, a ~75 km 
crater that formed on the southwestern rim of d’Alembert. NAC and TC images revealed 
no diagnostic impact melt features. The terrain surrounding d’Alembert exhibits 
numerous large secondary craters, likely from the Imbrium and Orientale basins.  
The floor of the small farside basin Schwarzschild (Figure 17f) contains ~12,000 
km2 of light plains. Part of the floor is buried by ejecta, previously thought to be from the 
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Humboldtianum basin (Lucchitta, 1978). Large secondaries, likely associated with the 
Orientale basin-forming impact, superpose the light plains in the floor. The terrain 
surrounding the Schwarzschild basin is lacking in light plains, and both large (10s of km) 
and small (few km) secondary craters dominate the terrain. North-south trending 
hummocky and lineated regions are observed near Gauss and Belkovich craters and to the 
north of Schwarzschild. We observe no FeO enrichment relative to the surrounding 
highlands. Small-scale impact melt features are lacking, but lobate scarps are visible in 
the floor. 
Zeeman crater contains ~10,000 km2 of light plains (Figure 17g). An Orientale 
ray-like cluster passes to the east and south of the crater, but otherwise, there are few 
light plains deposits in the vicinity. The terrain to the west and northwest of Zeeman is 
heavily modified by chains and clusters of secondary craters from Antoniadi crater as 
well as large secondary craters from the Orientale basin. To the north, small secondary 
craters from Hausen and large secondary craters from Orientale obscure the surface.  
Fabry crater on the farside sits within the larger Harkhebi basin (Figure 17h). 
~7,500 km2 of light plains occupy the floor. Small-scale melt features are not observed in 
NAC and TC images, and FeO values are consistent with the surrounding highlands. 
Beyond the southwestern rim of Fabry, smooth terrain on the floor of Harkhebi basin that 
extends up to ~300 km from the rim of Fabry lack mappable boundaries at the WAC 
scale, so they are not included in our map. The northern rim of Fabry and terrain beyond 
are modified by ejecta and secondaries from Compton crater. To the south, mare 
resurfacing and more recent impacts (e.g., Giordano Bruno) dominate the terrain. In the 
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southwest, light plains within Szilard crater display two lower albedo patches between 
high albedo Giordano Bruno rays that exhibit enhanced FeO values of ~9 wt. %, 
comparable to the nearby mare deposits within Maxwell and Richardson craters.  
There are intercrater plains south-southwest of the Nectaris basin that, despite 
meeting the criteria for smooth, flat, and moderate to high albedo plains, were not 
included in this map due to a lack of clearly identifiable boundaries (Figure 3.18, full 
extent: 3.16°E to 66.19°E and 29.77°S to 67.69°S). The terrain is roughly circumferential 
to the Nectaris basin (~1-2 radii from the rim), and small light plains deposits are 
superposed on it. It was previously mapped as pre-Imbrian plains and terra materials 
(Wilhelms and McCauley, 1971; Wilhelms et al., 1979). There is no enhancement in 
FeO. 
3.4.4 Features of Interest 
Flow features and lobes were identified within light plains deposits (e.g., Figure 
3.19) using WAC, NAC, and TC images. These flows display a range of morphologies 
and range in size from tens of meters to kilometers across.  They lack observable 
headscarps, and some are more heavily cratered than the terrain they embay.  
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Figure 3.17. LROC WAC mosaic and topography with light plains overlain for (a) 
Hertzsprung basin (1.36°N 231.34°E), (b) Korolev basin (4.19°S 202.59°E), (c) 
Mendeleev basin (5.37°N 141.16°E), (d) Schrödinger basin (74.73°S 132.92°E), (e) 
d’Alembert (51.07°N 164.89°E), (f) Schwarzschild (70.08°N 121.56°E), (g) Zeeman 
(75.06°S 224.93°E), and (h) Fabry (43.07°N 100.68°E). Lambert azimuthal equal area 
projections centered on the given center coordinates. Purple/blue topography is low-
lying, and orange/brown topography is high-standing. 
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Figure 3.17, continued 
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Figure 3.18. Smooth intercrater plains with light plains overlain in yellow. LROC WAC 
mosaic (left) and roughness map (right) centered at 43.09°S 26.72°E. 
 
 
 
 
 
Figure 3.19. An Example of Flow Features within the Light Plains. These flows are 
located ~1200 km from the rim of Orientale (29.616°N 249.588°E). LROC NAC images 
M102880018L/R.  
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3.5 Discussion 
Distinct ray-like clustering around the Orientale basin suggests that the bulk of the 
farside light plains within 4 radii of the Orientale basin are related to its formation, 
consistent with previous interpretations of light plains to the north-northwest (Meyer et 
al., 2016). Clustering in the central nearside highlands radial to the Imbrium basin 
suggests that a similar distribution existed around the Imbrium basin prior to mare 
emplacement and the formation of the Orientale basin, but a true quantitative study in 
needed. Clustering to the north and southwest of the Serenitatis basin are radial to the 
Imbrium basin and are, therefore, thought to originate with the latter. No trend in the 
distribution of light plains is found correlating with the Serenitatis or Crisium basins. It is 
likely that any light plains created by older basins were largely destroyed or resurfaced by 
secondaries and light plains from the Imbrium and Orientale basin-forming impacts or 
subsequent mare emplacement. However, smooth intercrater plains outside the Nectaris 
basin are likely comparable to the light plains clustering around the Orientale and 
Imbrium basins. The extent of modification and the preferential destruction of small 
craters by light plains formation indicates that the current population of craters in the 
highlands are not only heavily influenced by basin secondaries, but also lacking in small 
diameter craters.  
In terms of composition, the global light plains are, on average, indistinguishable 
from mature highlands in the WAC 321/415 nm ratio map, with few distinct variations. 
FeO content appears to be a better indicator: the light plains display a higher average FeO 
content than previously observed, intermediate between the highlands and the maria and 
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displaying distinct local variations. This is due to the enriched deposits within the SPA 
basin, deposits along the edges of the maria, and cryptomaria. The variation in FeO 
content of light plains stretching from low values near the continuous ejecta of the 
Orientale basin to high values over the rim of the SPA basin suggest that the light plains 
are primarily derived from local material and substantial mixing has taken place, possibly 
related to secondary cratering. However, the exact mechanism of light plains formation 
remains unclear. Light plains often occur in conjunction with secondary chains, but they 
are conspicuously absent in and around large secondary clusters. If secondary impacts are 
a primary mechanism for light plains formation, then a systematic study of secondary 
impacts and their location with respect to light plains is necessary.  
Some farside light plains deposits likely originated with more regional to local 
impacts and pre-existing smooth surfaces (i.e., ancient impact melt, SPA mare deposits, 
or light plains). On the nearside, there is a cluster of light plains to the southeast of the 
Orientale basin, many of which have been identified as Orientale ejecta overlying mare. 
The Orientale basin formed on the boundary of the highlands and the low-lying nearside, 
so it is likely that pre-existing topography played a role in the distribution of deposits 
associated with the basin. Low-lying topography as well as pre-existing smooth surfaces 
may explain why the deposits to the southeast are more continuous and larger than those 
in the northwest, which are patchier and aligned radially to the basin.  
There appears to be clustering around the Imbrium basin as well, although less 
distinct than the light plains outside the Orientale basin. Mare flooding has obscured 
much of the region that would be analogous to the region of clustered light plains outside 
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the Orientale basin. Light plains beyond ~2 radii from the western rim of the Imbrium 
basin appear to be related to the Orientale basin (Meyer et al., 2016), suggesting 
extensive modification from the Orientale basin-forming event largely erased any trend in 
light plains distribution associated with the Imbrium basin in that region. However, it is 
likely that some of the light plains extending from Orientale formed on top of pre-
existing light plains from Imbrium, which may explain the larger, more dense clustering 
of light plains and slight increase in the areal abundance of light plains to the north of the 
Orientale basin relative to the west/northwest.  
Expansive light plains deposits within the Hertzsprung, Korolev, and Mendeleev 
basins show no evidence for buried volcanics or small-scale features associated with 
impact melt. While the majority of the Hertzsprung and Korolev basins have been 
resurfaced by Orientale light plains, Mendeleev shows no connection to other large basin-
forming impacts. As such, it is possible that the Mendeleev light plains are impact melt 
whose small-scale features have eroded away. Likewise, the floors of the Hertzsprung 
and Korolev basins may have been previously covered by impact melt, providing a 
smooth, flat, low-lying terrain over which light plains from the Orientale event could 
more easily spread. 
Light plains within and directly surrounding Schrödinger basin are impact melt 
deposits that lack diagnostic small-scale features, likely due to age. A dedicated study is 
needed to understand the complex geologic history of the region surrounding the 
Schrödinger basin and to determine the extent of light plains associated with the basin. 
D’Alembert light plains occur in close association with Slipher ejecta. Because Slipher 
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formed on the rim of d’Alembert, it is likely that the light plains in this area are impact 
melt from Slipher.  
The SPA basin is of particular interest because Orientale light plains affected a 
significant portion of the SPA basin terrain. Unlike the deposits to the northwest of the 
Orientale basin, many of the light plains within the SPA basin form large, continuous 
deposits and may be distinct in origin from the smaller, patchier deposits that cluster 
along radial paths from the Orientale basin. Alternatively, pre-existing smooth surfaces 
could have allowed material mobilized by the Orientale event to spread laterally to form 
larger deposits. The enrichment in FeO of light plains within the SPA basin with respect 
to light plains outside the SPA basin is expected if the deposits are primarily derived 
from local material as suggested by Oberbeck et al., (1974).  
It is possible that the Orientale basin is not representative of all lunar basins 
(Schultz, 1979; Spudis et al., 1984), but if SPA (~2400 km in diameter) produced the 
same amount of light plains relative to its size as the Orientale basin-forming impact, 
then it significantly affected ~30 million km2, or nearly 80% of the lunar surface, 
including the area of the basin itself, continuous ejecta (assuming an average extent of 
one radius), and associated light plains. This is a conservative estimate based on the 
observed drop in areal abundance of light plains beyond ~4 radii at the Imbrium and 
Orientale basins and does not include any antipodal deposits.  
Flow lobes are typically associated with impact melt, landslides, and lava flows, 
and their respective morphologies are well documented. When compared with flows of 
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known origins, the morphology geologic context of the flow features found within light 
plains may provide insight into the formation mechanisms of light plains.  
3.6 Conclusions 
Stratigraphic relationships and ray-like clustering of light plains radially from 
both the Orientale and Imbrium basins suggests that the bulk of the light plains formed as 
a result of basin formation. Collectively, ~70% of all light plains are likely related to the 
Imbrium and Orientale basins, though a detailed quantitative assessment is required. It is 
unlikely that light plains associated with older impact basins (e.g., Serenitatis, Crisium, 
Nectaris) are included in this map of light plains due to degradation (i.e., lack of 
mappable boundaries) and subsequent resurfacing by regional and basin-scale impacts 
and by volcanic emplacement. However, smooth terrain outside the Nectaris basin likely 
represents older light plains that no longer exhibit mappable boundaries. If all large 
basins modify the surface in a manner and degree similar to the Orientale and Imbrium 
basins, then special care must be taken to avoid regions affected by light plains formation 
when deriving absolute model ages in the highlands due to the preferential destruction of 
small craters, particularly in topographic lows where light plains accumulate. 
Compositional evidence from the light plains both within and directly outside of 
the SPA basin suggest that the light plains are composed primarily of local material, 
indicating that significant mixing occurs during emplacement. Though light plains are 
often found in close proximity to secondary chains, they are not present among clusters 
of secondary impacts. Thus, a systematic study of the precise locations of secondary 
craters, chains, and clusters with respect to the light plains is needed to determine 
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whether secondary impacts are a primary mechanism for light plains formation as 
previously suggested. 
When compared with flows of known origins (e.g., impact melt or landslides), the 
flow features within light plains may yield crucial insight into the physical properties and 
emplacement mechanisms of light plains. The exact contribution of impact melt, Cayley 
plains, and volcanics to the global light plains population is unknown, but with this new 
global map and complementary compositional datasets and high-resolution images and 
topography, we can begin delineating between origins for specific deposits. 
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CHAPTER 4 
QUANTIFYING THE EFFECT OF SLOPE ON CRATER DEGRADATION 
 
This chapter is a manuscript in preparation with the following co-authors:   
P. Mahanti, and M. S. Robinson. 
4.1 Introduction 
 Crater density is the most common method of relative and absolute age 
determination on the Moon, providing the means to reconstruct lunar geologic history 
when combined with stratigraphic observations. Craters centers and diameters and their 
locations recorded; then, the number of craters (greater than a specified diameter) are 
normalized to the area over which they were measured. Model crater production and 
chronology functions calibrated using Apollo samples are then used to relate crater 
density to absolute ages (e.g., Neukum, 1983; Ivanov et al., 1999, 2001; Hartmann et al., 
2000; Neukum et al., 2001), yielding an absolute model age (AMA).  The base 
assumptions for dating a surface using crater density are that (1) cratering is a random 
process and (2) the crater population accumulated over time (starting with no craters at 
time zero) is representative of the age of the unit (e.g., Neukum et al., 1975a; Hartmann 
et al., 1981; Neukum, 1983; Neukum and Ivanov, 1994). As such, deriving accurate 
relative and absolute age estimates relies on an understanding of the factors influencing 
the formation and destruction of the crater population.  
Many studies have been conducted assessing the controls on crater lifetime and 
the resulting crater size-frequency distributions (CSFDs). High-resolution images make it 
possible to measure craters over a broad range of sizes from very large (basin scale) to 
  76 
small (a few meters across). However, reliable identification and measurement of craters 
depends on the availability of consistent, moderate-to-high incidence images (Soderblom, 
1972; Young, 1975; Wilcox et al., 2005; Ostrach 2013). Secondary craters resulting from 
nearby sources (field secondaries) contaminate CSFDs, leading to inflated age estimates 
(McEwen and Bierhaus 2006; Xiao and Strom 2012). Though crater measurement 
methods exclude secondary craters, not all secondary craters are clearly identifiable (e.g., 
Wilhelms, 1976a; Wilhelms et al., 1978; McEwen and Bierhaus, 2006). The count area 
size, dependent upon the size of the feature being dated and the diameter range measured, 
and number of superposed craters determine the statistical significance of the crater 
density value and, therefore, the derived absolute model age (e.g., Neukum 1983, Crater 
Anaylsis Techniques Working Group 1979, Michael and Neukum 2010, van der Bogert 
et al. 2015). Small count areas (< 4 km2) contain fewer craters, producing age estimates 
with larger error bars ranging up to 20% for idealized lunar surfaces up to 4 Ga (van der 
Bogert et al. 2015). It is thought that CSFDs derived from young surfaces (~100 Ma) 
produce absolute model age estimates accurate to within ~10% from count areas of 1 km2 
and larger, assuming the minimum diameter is only limited by the effect of saturation 
equilibrium, but old surfaces (>4 Ga) require areas 10 km2 to derive robust absolute 
model ages (van der Bogert et al. 2015).   
Variations in target density, strength, and porosity affect the final crater 
morphology of craters that form within the strength regime (e.g., Chapman et al., 1970; 
Young, 1975; Schultz et al., 1977; Melosh, 1989; Holsapple, 1993; Ivanov, 2006; Ivanov 
and Hartmann, 2007; Wünnemann et al., 2010; Le Feuvre and Wieczorek, 2011; Housen 
and Holsapple, 2011; van der Bogert et al., 2017). All things being equal, for an impact 
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of a given energy, stronger targets result in smaller diameter craters than weaker targets 
(e.g., Wünnemann et al., 2010; Housen and Holsapple, 2011; van der Bogert et al., 2017), 
which is especially important for interpreting and comparing CSFDs for crater ejecta and 
impact melt. It is generally accepted that craters >1 km in diameter on the Moon, forming 
in the gravity-scaling regime, are less significantly affected by target properties than 
smaller craters (Neukum and Ivanov, 1994). Similarly, crater degradation rates vary with 
target strength, the presence of layers, seismic effects, and slope (e.g., Soderblom 1970, 
Schultz et al. 1977, Mahanti et al. 2016, Minton and Fassett 2016, van der Bogert et al. 
2017).  
Crater degradation rates are accelerated for craters formed on slopes (Basilevsky, 
1976). Material displaced due to gravity fills craters, accelerating their destruction 
(Basilevsky, 1976). Because small craters (<~1 km in diameter) are more easily filled 
than large craters, the effect of accelerated degradation due to slope is more pronounced 
at smaller diameters. Basilevsky (1976) investigated crater degradation rates from a few 
meters to ~1–2 km in diameter, but the crater diameter for which slopes cease to 
significantly affect the crater degradation rate was not determined. The morphology of 
small craters <1 km is also controlled by target properties (Pohn and Offield, 1970; 
Stöffler et al., 2006), making it difficult to predict the effect of slope alone on larger 
diameter craters (>1 km diameter). The effect of slope on crater retention for craters >1 
km, where gravity rather than target properties controls degradation, and the resulting 
variations in crater density has not been quantified. Prior to the arrival of the Lunar 
Reconnaissance Orbiter Camera (LROC) at the Moon, there was insufficient consistent 
areal coverage and resolution of images and topography to investigate the effect of slope 
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on craters >~1 km in a robust manner. This work seeks to (1) determine if the trend of 
decreasing crater density with increasing slope observed by Basilevsky (1976) holds true 
for craters >1 km and (2) quantify any observable effect of slope for craters of this size, 
focusing on the effect of slopes over the kilometer scale.  
 
 
 
Figure 4.1. Crater density vs. slope. Originally Fig. 5 in Basilevsky (1976), this plot 
shows the normalized crater density for different diameter ranges (legend top right, 
diameters in meters) as a function of slope. Density values were normalized to size-
dependent equilibrium density for flat mare (Trask 1966).  
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4.2 Data and Methods 
4.2.1 Study Area 
To assess the effect of topographic slope on CSFDs and thus age estimates, we 
began our study with the expansive and well-studied Hevelius Formation (e.g., 
McCauley, 1967; Moore et al.,1974; Scott et al., 1977; Morse et al., 2017; Fig. 4.2). The 
Hevelius Formation is composed of the continuous ejecta of the Orientale basin and 
encompasses four facies beyond the Montes Rook: inner, outer, transverse, and secondary 
(Scott et al., 1977). The inner facies is characterized by ridges and troughs radial to the 
basin, numerous lobes and tongues of ejecta, and many thickly mantled primary and 
secondary craters (Scott et al., 1977). The transverse facies displays closely spaced 
arcuate ridges and troughs typically found in low, elongate areas (Scott et al., 1977). The 
outer facies is variable in morphology, including swirly, lineated, hummocky, and 
smooth areas that are laterally continuous with the inner facies (Scott et al., 1977). The 
secondary facies consists of overlapping crater chains and clusters thickly mantled and/or 
partially buried by the inner facies, superposed on the outer facies, and extending beyond 
the outer facies (Scott et al., 1977). Because the Hevelius Formation is collectively 
interpreted as originating from a single event (Orientale basin-forming impact), age 
estimates should be consistent across the entire unit for craters >1 km, despite the range 
of morphologies observed within each facies. Previous work employing crater 
measurements on the continuous ejecta  returned a broad range of ages from 3.64 Ga to 
3.8 Ga (e.g., Baldwin, 1974; Baldwin, 1987; Wilhelms, 1987; Whitten et al., 2011; Meyer 
et al., 2016).  
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Starting with existing catalogs of all lunar craters 5–20 km (Povilaitis et al., 2016) 
and >20 km (Head et al., 2010), craters >800 m were measured within the study area on 
Lunar Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC) mosaics 
(average 60° incidence) of opposite illumination conditions to minimize lighting biases 
(Robinson et al., 2010) using the CraterTools extension for ArcGIS (Kneissl et al., 2011). 
Secondary craters occurring in chains and clusters were excluded and removed from the 
count area. The study area was defined using the boundaries for the Hevelius Formation 
as mapped by Scott et al. (1977), which encompasses over 2 million km2 (Fig. 4.2). 
Cumulative crater density is cited as N(D), where the density consists of the number of 
accumulated craters greater than or equal to a given diameter (D) per km2. A 3 km slope 
map was derived from the WAC GLD100 (Scholten et al., 2012) topography (Fig. 4.3), 
downsampled to 1 km to eliminate the contribution of crater slopes to the calculated slope 
values. Crater size–frequency distributions (CSFDs) were plotted using pseudolog 
binning (Crater Analysis Techniques Working Group, 1979). Absolute model ages were 
derived for the highest and lowest density regions using Craterstats2 (Michael and 
Neukum, 2010) and the chronology (CF) and production functions (PF) of Neukum et al. 
(2001).  
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Figure 4.2. Study area, the Hevelius formation (Scott et al., 1977), outlined in yellow. 
Large secondary chains and clusters have been removed from the study area. The 
Orientale basin (center) is ~930 km in diameter. LROC Wide Angle Camera (WAC) 
mosaic, equirectangular projection centered at 19°S 266°E. 
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Figure 4.3. Craters >1 km (blue) measured within the study area (yellow). Holes in the 
study area correspond to large secondary chains or clusters that were removed from our 
calculations. LROC WAC mosaic, equirectangular projection centered at 19°S 266°E. 
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Figure 4.4. A 3–km baseline slope map calculated from the WAC GLD100. The study 
area is outlined in black.  Red indicates steep slopes, while blue indicates low slopes. The 
Orientale basin (center) is ~930 km in diameter. Equirectangular projection centered at 
19°S 266°E. 
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4.2.2 Comparing Crater Density Methods 
In this section, three methods of measuring crater density on planetary surfaces 
are discussed. This section describes traditional methods of determining crater density 
with respect to large scale variations across a single geologic unit and absolute model age 
estimates and demonstrates why the two most commonly used methods (i.e., point 
density and boolean methods) are not suitable for the analysis of the size-dependent 
effect of slope on crater density. Each method is evaluated based on the level of detail it 
provides and the information that is preserved or lost. 
Method #1: Point Density 
Point density is commonly used to visualize the variability of crater density across 
a region (e.g., Ostrach and Robinson, 2014; Zanetti et al., 2017). A continuous map of 
cumulative crater density is created using only the center points of craters within a given 
study area and a moving neighborhood for smoothing. In ArcGIS, this is accomplished 
by the Point Density Tool, which uses the equations of Silverman (1986), and a user-
defined raster cell size and neighborhood radius. The number of crater center points 
within the user-defined neighborhood are normalized to the area of the neighborhood, 
producing the cumulative number of features (in this case, craters) per unit area. This 
method provides a useful visualization of crater density variations because high and low 
densities are distributed over larger areas due to smoothing. The end result is a smoothed 
raster that is sensitive to the selected neighborhood radius. Because craters are collapsed 
to a single center point occupying 1 pixel, information about the size of the craters and, 
by extension, the location of the bulk of the underlying terrain is lost. This method also 
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introduces artificial data values where no data exists because of the interpolation method, 
which could mask any potential correlations with other datasets. 
To assess the large-scale variation of crater density across the entire study area, a 
point density map was created (Fig. 4.5) in ArcGIS using the crater shapefile (each crater 
collapsed to a single center point), a cell size of 1 km (cell locations matched to the slope 
map), and a neighborhood radius of 25 km to balance the smoothness of the data with the 
preservation of detail. A weighted edge correction was applied to account for pixels 
intersecting the edge of the study area (e.g., Silverman, 1986). This method produced a 
continuous map with values ranging from 0 to 0.019. For reference, Fig. 4.8a contains a 
zoomed in panel. The resulting cumulative point density was then plotted against the 
underlying slope values using Python (Fig. 4.9a), which shows an overall decrease in the 
number of high density pixels with increasing slopes. While computationally efficient 
and useful for identifying overall crater density variations visually, the point density 
method loses information regarding crater size, making it impossible to determine at what 
diameter slopes cease to have a measurable effect on crater density. This loss of 
information combined with the creation of artificial data led to the exclusion of point 
density in the detailed, size-dependent analysis in this work. 
Method #2: Boolean Density 
 The Boolean relies upon computing the cumulative number of craters per unit 
area within a study area (e.g., Kneissl et al., 2011). For the creation of a raster, the 
equivalent study area is one pixel, and if a crater center falls within a pixel, the pixel is 
assigned a 1. For each subsequent crater whose center falls within that same pixel, a 1 is 
added to the sum for that pixel. This is done on a pixel-by-pixel basis. Pixels that do not 
  86 
contain any crater centers receive a NoData designation to remove these pixels from the 
analysis. The sum for each pixel is then normalized to the area of the pixel (1 km2 for this 
work) to yield the number of features per unit area. This is the basis of the point density 
map without any subsequent smoothing, and the resulting raster is directly comparable to 
traditional crater counting methods. However, this method does not produce a useful map 
for visually identifying variations in crater density due to the limited number of pixels 
containing crater centers compared to the overall number of pixels within a given study 
area. Though this method does not introduce artificial data, information about the size of 
the craters and the location of the bulk of the underlying terrain is still lost, as with the 
point density method, by using only the crater centers. 
Using ArcGIS, a Boolean crater density raster was created using 1 km x 1 km 
pixels (matched to the slope map pixels) and the crater center points (Fig. 4.6). A 
weighted edge correction was applied to account for pixels intersecting the edge of the 
study area (e.g., Silverman, 1986). The Boolean method produced a discrete raster with 
values restricted to whole numbers, specifically 1-2 in this case. Because, out of the total 
2.12 million pixels, less than ~0.6% contain pixel centers, the pixels containing 
meaningful data are not readily identifiable compared to the remaining ~2.11 million 
pixels with NoData values (Fig. 4.6, zoomed in panel – Fig. 4.8b). The resulting 
cumulative density was plotted against the underlying slope values (Fig. 4.9b), which 
shows that fewer high density pixels (with values of 2) are correlated with steep slopes 
than low density pixels (with values of 1) for all crater sizes. By restricting the density 
values to whole numbers, granularity in the density vs slope plot is lost. To directly 
compare the crater density as a function of size with underlying physical parameters (i.e., 
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slope), the method must take into account the areal extent of individual craters, 
encompassing the range of slope values upon which the craters formed. As such, this 
method is also excluded from the detailed, size-dependent analysis of the effect of slope 
on crater density.  
Method #3: Fractional Density 
 The fractional density method preserves diameter information, and thus areal 
extent. Instead of attributing an entire crater to a single center point (collapsing the crater 
to 1 pixel), and thus losing the diameter information, the fraction of each crater within 
each pixel is stored as a running sum and later normalized to the area of the pixel (Fig. 
4.7). In this case, all pixels associated with a given crater are represented, and the range 
of slope values upon which the craters formed are fully included. This fractional crater 
density method produced a continuous map with values up to 1.8, with pixels containing 
no intersecting craters assigned NoData values. Fig. 4.8c shows an inset of the map for 
reference. Note that small craters (~1 km in diameter) occupying a single pixel or 
superposed on other craters make up the high density values. When the fractional crater 
density is plotted against slope (Fig. 4.9c), the decrease in density associated with steeper 
slopes is more pronounced than for methods #1 (Fig. 4.9a) and #2 (Fig. 4.9b). Because 
the fractional density method preserves information about the size of craters, this method, 
described in detail in Section 4.2.3 below, was used in the detailed analysis of the effect 
of slope on cumulative crater density and the size dependence of this effect. 
  
  
  88 
 
Figure 4.5. Point density raster for all craters >1 km in diameter, cell size of 1 km, 
neighborhood radius of 25 km. Warm colors denote high density, while cool colors 
denote low density. The black box shows the location of Fig. 4.8a. Equirectangular 
projection centered at 19°S 266°E. 
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Figure 4.6. Boolean cumulative crater density for all craters >1 km in diameter. Low 
density is shown as green, high density is shown as red. Pixels containing no crater 
centers are black. Note that because relatively few pixels contain crater centers (12,425 
pixels containing crater centers contribute crater density to only ~0.6% of the total 
pixels), the high and low density areas cannot be distinguished at this scale. The white 
box shows the location of Fig. 4.8b, which provides a smaller scale view of this density 
map. Equirectangular projection centered at 19°S 266°E. 
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Figure 4.7. Fractional crater density for all craters >1 km in diameter. Red indicates high 
density: blue indicates low density. Pixels containing no craters are black. Because red 
pixels are limited to areas of overlap between small craters and either other small craters 
or larger craters, they are not distinguishable at this scale. The white box shows the 
location of Fig. 4.8c. Equirectangular projection centered at 19°S 266°E. 
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4.2.3 Size-Dependent Crater Density vs Slope 
 In Fig. 4.4, craters >~5 km are identifiable in the 3 km baseline slope map. This 
indicates that the 3 km smoothing is effective in removing the contribution of the interior 
crater slopes for craters <~5 km (9,356 craters in total for 1-5 km) and that the measured 
slope values are representative of the pre-existing terrain. However, for craters >~5 km, 
the interior slopes of the craters are visible in the slope map and, therefore, contribute to 
the measured slope values. Because the contribution from slopes on the crater interior and 
pre-existing slopes cannot be disentangled, craters >5 km were not used in the subsequent 
analysis of the effect of slope on crater density.  
Crater density was calculated and plots and density rasters were generated with 
dimensions, pixel scales, and pixel coordinates identical to the slope map and populated 
with the fraction of each pixel within the defined study area (weighted edge correction) to 
eliminate pixels outside the study area and to account for pixels intersecting the edge of 
the study area. The pixel fraction was calculated for three cases: (a) pixels fully inside the 
study area assigned a value of 1, (b) pixels fully outside the study area assigned a value of 
0, and (c) pixels partially within the study area assigned a value between 0 and 1 equal to 
the fraction of the pixel within the study area. Then, using Method #3, the fraction of 
each crater intersecting individual pixels was calculated (0–1) and summed in 1 km 
diameter bins. The cumulative crater fraction was then normalized to the corresponding 
pixel area and multiplied by the pixel fraction to yield the number of craters greater than 
or equal to the given diameter per km2. 
Once the cumulative crater density (number of craters ≥ D per km2) was 
calculated, the following products were created to aid in the detailed analysis: 
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1. N(1) map (Fig. 4.10) 
2. CSFDs for high and low density areas identified in the N(1) map (Fig. 4.11) 
3. Bin specific density vs slope plots for 1-5 km diameters in increments of 1 km 
(Fig. 4.12) 
4. Slope histograms for the bins specified above (Fig. 4.13) 
Note that while items #1-2 above takes into account all craters greater than or equal to the 
cited diameter (e.g., N(1) for everything ≥ 1 km in diameter), items #3-4 only include 
craters that fall within the bin range (e.g., 1 km ≤ D ≤ 2 km). For the slope histograms, if 
there is no effect due to slope, the distributions of slope values for all crater diameters 
should peak at similar slope values.  
4.3 Results 
4.3.1 Crater Density and Absolute Model Ages 
 Over 12,000 craters >800 m were mapped in this study. Fig. 4.3 shows the craters 
measured in this study (blue) overlain on a WAC mosaic. Density in the following 
sections refers to the crater density calculated by Method #3 unless otherwise specified.  
In Fig. 4.10, the cumulative crater density is overlain on a WAC mosaic. Density values 
of 0 are black, and only the pixels occupied by craters are colorized. Density values are 
not homogenously distributed across the study area in Fig. 4.10, indicating a range of 
N(1) values for a single impact basin as seen in Fig. 4.5. The high density values seen in 
Fig. 4.5 are largely due to the presence of large, pre-existing craters upon which the 
continuous ejecta formed. However, in Fig. 4.10, the high density values are due to small 
craters. A high-density zone (HDZ) is indicated by the red circle, and a low-density zone 
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(LDZ) corresponds to the orange circle. Fig. 4.8c shows a smaller region of the 
cumulative crater density map, making it possible to see the contribution of small craters 
to high density. High density values are limited to small craters (on the order of one to a 
few km) either occupying a single pixel or superposed on other craters. CSFDs were 
created for the HDZ, located at 14.2°S 241.4°E with an average slope value of 6.7°, and 
the LDZ, located at 37.5°S 263.0°E with an average slope of 9.1° (Fig. 4.10). The HDZ 
yields an AMA of 3.7 Ga +/-0.03 (Fig. 4.11a), consistent with the age expected for the 
Orientale basin from identical methods (e.g., 3.68 Ga - Whitten and Head, 2011; Meyer 
et al., 2016). As expected, the LDZ yields a younger AMA, in this case 3.5 Ga +0.08/-0.2 
(Fig. 4.11c). Based on these estimates, the ages could vary by 90 My up to 430 My (HDZ 
= 3.73 Ga, LDZ = 3.3 Ga).  
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Figure 4.10. Cumulative density of craters >1 km. The study area is outlined in yellow. In 
this map, NoData values are not displayed, and 0 densities are black. Low density pixels 
are blue, and high density pixels are red (see Fig. 4.8c). The red and light teal circles 
correspond to the high density zone (Fig. 4.11a,b) and the low density zone (Fig. 4.11b,c), 
respectively. LROC WAC mosaic, equirectangular projection centered at 19°S 266°E. 
 
  
  97 
4.3.2 Crater Density vs Slope 
 In Fig. 4.12, as D increases up to 5 km, the yellow contour shifts to lower density 
values and steeper slopes. Less than 1% of the pixels occur at steep slopes (>20°). Fig. 
4.13 shows the distribution of slope values for individual diameter bins. When looking at 
the slope distributions, the smaller diameter bins are preferentially located on shallower 
slopes and deviate most from the distribution of the largest bin, where slope is expected 
to have the least effect. The largest bin (4-5 km) peaks at 6.8°. The peaks gradually shift 
away from the 4-5 km distribution toward lower slope values as the diameter decreases: 
the 3-4 km distribution peaks at 4.9°, 2-3 km at 3.5°, and 1-2 km at 3°. As D increases, 
the distribution becomes wider, and its peak becomes lower in amplitude. This indicates 
that larger craters encompass a broader range of slope values and are less affected by 
steep slopes.  
Figure 4.11. CSFDs for (a) a high-density zone (HDZ) and (c) a low-density zone 
(LDZ). Panel (b) shows the CSFDs for the low (red) and high (black) density regions 
overplotted for direct comparison with no binning applied. Panels (a) and (c) were 
created using pseudolog binning. 
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Figure 4.13. The distribution of slopes for diameter bins 1-5 km.  
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4.4 Conclusions 
 Using over 9,000 craters across a >2 million km2 study area, this work extends the 
analysis begun by Basilevsky (1976) on the effect of pre-existing slopes on crater density 
to craters up to 5 km in diameter. The fractional crater density of craters up to 5 km in 
diameter was compared to the pre-existing slopes upon which the craters formed. Further, 
absolute model ages were derived using traditional crater counting methods for high and 
low crater density areas within the continuous ejecta of the Orientale basin to determine 
the range of ages representing the basin-forming event. This work supports the following 
conclusions: 
(1) For craters 4-5 km in diameter, the effect of slope is minimized, and the shift in the 
slope distributions to shallow slopes for craters <5 km suggests that slopes still 
affect crater density up to at least 4 km in diameter. 
(2) Regions with high crater density and lower average slope values yield higher 
AMAs than low density regions with higher average slope values. This is 
particularly relevant for crater counts on hummocky ejecta. 
(3) Age estimates for the Orientale event can vary by up to 430 million years. 
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CHAPTER 5 
THE DEGRADATION OF MARTIAN CINDER CONES AT ULYSSES COLLES, 
MARS 
5.1 Introduction 
 Cinder cones are one of the most common volcanic edifices on Earth (Wood, 
1980). They are the result of explosive eruptions and are associated with a variety of 
styles of activity: Hawaiian (e.g., Wood, 1979a; Heliker et al., 2003), Strombolian (e.g., 
Calvari and Pinkerton, 2004), violent Strombolian (e.g. Andronico et al., 2005; Pioli et 
al., 2008), and sub-Plinian/Plinian (Ernst, 1996). They are formed by accumulation of 
coarse tephra around a vent during an explosive eruption (e.g., Parfitt and Wilson, 2008). 
As the magma degasses, fire fountaining can occur, creating agglutinate layers and/or a 
resistant cap around the vent. When the flanks of a cinder cone reach the angle of repose, 
downslope movement of material becomes the dominant process modifying the shape of 
the cone.  
Cinder cones exhibit relatively simple internal architectures, and as such, they 
have well-understood geometry (Hooper and Sheridan, 1998). Morphologic and 
morphometric changes that cinder cones undergo appear to be systematic, even for 
slightly more complicated geometries involving agglutinate, and have been extensively 
studied both in the field (e.g., Porter, 1972; Wood, 1979a,b) and through numerical 
modeling (e.g., Dehn and Sheridan, 1990; Hooper and Sheridan, 1998; Pelletier and 
Cline, 2007; de’Michieli Vitturi and Arrowsmith, 2013). In the case of a non-agglutinated 
cinder cone, the profile is modified to a concave-convex shape, and slopes, which were 
initially at the angle of repose, become more shallow through weathering. Once the crater 
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disappears, the summit erodes to a convex shape, while the flank base is concave. In the 
case of a cinder cone with an agglutinate cap, the profile gradually becomes convex in 
shape and a fraction of the slopes (by area) exceed the angle of repose where the resistant 
agglutinate erodes into steep cliffs and the flanks erode to more shallow slopes. Appendix 
B includes a simple schematic of the agglutinated and non-agglutinated cases and their 
impact on slope histograms. 
Numerical models can be used to determine the diffusivity (a proxy for erosion 
rate) for cinder cones whose age and angle of stability are known (e.g., Pelletier and 
Cline, 2007). Alternatively, models can also be used to determine the age of cinder cones 
if the diffusivity, nonlinear diffusion coefficient, and angle of stability are well-
constrained. Recent studies have identified cinder cones with confidence on the Moon 
and Mars (Figure 5.1) (e.g., Lawrence et al., 2013; Brož and Hauber, 2012; Keszthelyi et 
al., 2008; Meresse et al., 2008; Lanz et al., 2010), where age estimates are limited to 
crater measurements on flat surfaces. Since the angle of stability is known (~30°) 
(Kleinhans et al., 2001) and diffusivity has been calculated for some martian 
environments (e.g., Golombek et al., 2014), morphologic age dating is a particularly 
compelling possibility in the absence of well-contextualized samples.  
Explosive volcanism, especially in the form of cinder cones, was expected on 
Mars (Wood, 1979a; Wilson and Head, 1983; Dehn and Sheridan, 1990), but 
observational evidence has remained scant, primarily due to images of insufficient 
resolution to identify small edifices. Kilometer-scale volcanic edifices on Mars were 
originally identified in Viking images (e.g., Wood, 1979a,b; Frey and Jarosewich, 1982). 
These small volcanic edifices have since been primarily interpreted as rootless cones 
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(Fagents and Thordarson, 2007; Keszthelyi et al., 2010), tuff cones or tuff rings (Brož 
and Hauber, 2013) and cinder cones (e.g., Bleacher et al., 2007; Keszthelyi et al., 2008; 
Lanz et al., 2010; Brož and Hauber, 2012) based on meter to sub-meter scale images.  
Recent studies of martian cinder cone morphology have suggested that cinder 
cone shapes are slightly different from terrestrial cones (Meresse et al., 2008; Brož and 
Hauber, 2012). Previous work predicted that martian cinder cones should be both lower 
and wider than their terrestrial counterparts due to lower gravity and atmospheric 
considerations (Dehn and Sheridan, 1990; Wilson and Head, 1994; Parfitt and Wilson, 
2008). However, Brož and Hauber (2012) showed that, though the cinder cones are larger 
in basal diameter and volume and higher than terrestrial cones (~2.6 times larger), their 
height to width ratios are smaller than those of pristine terrestrial cinder cones. One 
striking find was that the width ratios for martian cones are almost identical to the ratios 
for terrestrial cones (Width of the crater = Wcr, Width of the cone = Wco, Wcr/Wco = 
~0.18 – 0.4 according to Porter, 1972 and Wood, 1980a; Brož and Hauber, 2012). The 
larger basal diameter and height can be accounted for by larger erupted volumes. Wood 
(1979b) proposed that both the gravitational and atmospheric considerations affect the 
basal diameter and the crater diameter in the same way, thus preserving the ratio of the 
basal diameter to the crater diameter as observed by Brož and Hauber (2012).  
Brož and Hauber (2012) determined that the angle of repose is not reached by 
martian cinder cones in the Ulysses Colles volcanic field, suggesting that the critical mass 
or volume is never reached. This implies that the shapes of martian cinder cones are not 
dominated by avalanching tephra, but rather by ballistic emplacement of particles. Since 
they would not have been subject to modification by avalanching, they preserve the 
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conditions under which they were formed (Brož and Hauber, 2012, 2014; Brož et al., 
2015). However, no study has been conducted to investigate the role of degradation of 
cinder cones over the long surface exposure timescales found on Mars. With new, higher 
resolution images and topography from the High Resolution Stereo Camera (HRSC) (~10 
m/pixel: Jaumann et al., 2007), the Context Camera (CTX) (~6 m/pixel: Malin et al., 
2007), and the High Resolution Stereo Experiment (HiRISE) (~30 cm/pixel: McEwen et 
al., 2007) aboard the Mars Reconnaissance Orbiter, characterization and measurements of 
these small edifices are now possible, and their morphology and morphometry can be 
investigated in detail (e.g., Lanz et al., 2010; Brož and Hauber, 2012). This new data also 
makes it possible to compare martian cinder cones with terrestrial data and models at a 
similar resolution.  
In this work, I apply a two-dimensional nonlinear diffusion model to investigate 
cinder cone degradation under a range of assumed martian conditions and timescales for 
comparison to remote sensing morphometric data of cinder cones in the Ulysses Colles 
volcanic field on Mars. I then evaluate whether the resulting cinder cones match any of 
the cinder cone morphology observed on Mars. I structured the modeling by using three 
different scenarios, and for each scenario I model the degradation of young Earth-like 
cinder cones under a variety of conditions (numerous models, indicated by numbers) by 
varying either the timescale (t), diffusivity (k), or both.  In the first scenario, Scenario I, I 
assume fixed values of k using estimates for Mars (Golombek et al., 2014) and fixed 
values of t from age estimates for the Ulysses Colles cinder cones from previous crater 
counting methods (Brož and Hauber, 2012) to model degradation under previously 
reported and independently constrained Mars conditions. In Scenario II, I fixed values of 
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t (440 Myr from superposed flood lavas to 1.5 Gyr for the crustal window underlying the 
cones, Brož and Hauber, 2012) and vary k, in order to model degradation of cinder cones 
over timescales consistent with ages constrained by crater counting methods, without 
assuming any particular degradation rate. Lastly (Scenario III), I fixed k values proposed 
for Earth (e.g., Nash, 1980; Colman and Watson, 1983; Andrew and Bucknam, 1987; 
Hopper and Sheridan, 1998), the Moon (Fassett and Thompson, 2014), and Mars 
(Golombek et al., 2014) to estimate what timescale is required to reproduce the observed 
martian morphologies, if indeed the diffusivity estimates are appropriate.  These 
scenarios allow an assessment of the ideas proposed by Brož and Hauber (2012) in order 
to answer the following questions: (1) Are the low cinder cone slopes on Mars 
necessarily a direct result of volume-limited, ballistic-dominated eruption conditions?  Or 
can they be explained by degradation of Earth-like cinder cones by a diffusive-like 
degradation process? (2) And, if so, over what timescales and at what degradation rate 
did the process occur? 
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Figure 5.2. Examples of (a) a terrestrial cinder cone (SP Crater, AZ) from NASA Earth 
Observatory, and (b) a martian cinder cone from the Ulysses Colles volcanic field imaged 
by the Context Imager (CTX) on NASA’s Mars Reconnaissance Orbiter (MRO). 
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5.2 Two-Dimensional Nonlinear Diffusion-Based Model 
 The model employed in this work is a two-dimensional nonlinear diffusion-based 
model developed by de’Michieli Vitturi and Arrowsmith (2013) to describe the 
degradation of cinder cones. This model built on numerical modeling of nonlinear 
diffusion by Hanks et al. (1984) and Andrews and Bucknam (1987) as well as studies of 
slope-dependent processes by Hooper and Sheridan (1998) and Pelletier and Cline 
(2007). De’Michieli Vitturi and Arrowsmith (2013) implemented alternating direction 
implicit (ADI) methods coupled with a Crank-Nicholson method, after the approach of 
Witelski and Bowen (2003), to enhance stability and temporal accuracy. This model 
assumes that only nonlinear processes are operating and that sediment flux occurs at a 
rate proportional to the gradient of elevation (de’Michieli Vitturi and Arrowsmith, 2013). 
Allowing for spatially heterogenous diffusivity, this model accounts for the increase in 
sediment flux as slopes steepen, producing more slope rotation than linear methods. This 
model can be applied to a simple synthetic cinder cone or to high resolution datasets of 
cinder cones, and it has been successfully tested on high resolution (~1 m) DEMs at Mt. 
Etna (de’Michieli Vitturi and Arrowsmith, 2013).  
 For this particular model, the following inputs are required (Equation 6 of 
de’Michieli Vitturi and Arrowsmith, 2013): diffusion coefficient (k), nonlinearity 
exponent (n), final time (t), maximum (delta_t_max) and minimum time (delta_t0) steps, 
critical angle (cr_angle), and either Neumann (N) or Dirichlet (D) boundary conditions. 
Diffusion coefficients are taken from the terrestrial and planetary literature to represent a 
range of potentially comparable environmental conditions, i.e. arid terrestrial values (e.g., 
Nash, 1980; Colman and Watson, 1983; Andrew and Bucknam, 1987; Hopper and 
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Sheridan, 1998) and k-values calculated for the Moon (Fassett and Thompson, 2014) and 
Mars (Golombek et al., 2014). Diffusion values calculated for the Moon and Mars were 
derived from the degradation state and interior slopes of craters. For this work, n is 
always fixed at 2 to ensure genuine nonlinearity (e.g., Andrews and Bucknam, 1987; 
Roering et al., 1999; Pelletier and Cline, 2007; de’Michieli Vitturi and Arrowsmith, 
2013). Time steps are comparable to the timescale of interest because the implicit 
methods implemented in the model are unconditionally stable. This is particularly 
important for modeling degradation on Mars, where little erosion is thought to have 
occurred over the last 3 Ga, known as the Amazonian period (e.g., Barlow, 2008). Larger 
time steps decrease the computational timescale and cost of modeling cinder cone 
degradation over geologically relevant timescales.  As such, delta_t0 is always fixed at 
0.1 kyr, and delta_t_max is fixed at 100 kyr for million to ten-million year timescales, 
1000 kyr for hundred-million year timescales, and 1000 kyr for billion year timescales. 
The critical angle is fixed at 33°, slightly above the angle of repose for Earth and Mars 
(~30°) (Kleinhans et al., 2011). The boundary conditions are set to Neumann conditions, 
which constrains the flux at the edge of the domain. 
  Here, the model is applied to a simple synthetic cone to investigate the evolution 
of cinder cones over large timescales under both terrestrial and extraterrestrial conditions. 
For our purposes, it is assumed that martian cinder cones form in a manner analogous to 
terrestrial cinder cones, and therefore initially have the same morphology as terrestrial 
cones. The initial synthetic cone is radially symmetric (Pelletier and Cline, 2007; 
Equation 18 of de’Michieli Vitturi and Arrowsmith, 2013). The computational domain is 
800 x 800 m, with 4 m resolution. In Figure 5.2, the four-panel layout of the model 
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output shows the initial synthetic cone (a) geometry, (b) rim (blue) and flank (red) 
profiles, (c) erosion in meters, and (d) slope histogram. As an initial demonstration of 
model output, the degradation of this synthetic cone for t = 50 kyr assuming k = 1 m2/kyr, 
is shown in Figure  5.3. In panel (a) the initial geometry is softened at the rim and along 
the base of the cone due to erosion at the rim and deposition along the base relative to the 
initial cone (Figure 5.2a). In panel (b) the solid blue and red lines show the initial W-E 
profiles from the initial cone (Figure 5.2b), and the dashed blue and red lines show how 
the profiles have changed due to erosion, i.e. the rounding off of the rim and outward 
migration of the cone base. Panel (c) shows the total erosion over the entire cone and 
immediate vicinity, with the maximum erosion (negative values) occurring at the rim and 
deposition (positive values) occurring at the base. Finally, in panel (d), the histogram 
Figure 5.3. Initial model output: synthetic cinder cone (a) geometry, (b) W-E profiles for 
the cone flanks and crater (blue) and base (red), (c) total erosion, and (d) slope histogram. 
Note that the only slopes corresponding to the background terrain are at 0°. 
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shows the initial slope distribution in blue and the final slope distribution in orange, 
indicating a clear shift to lower slopes. 
 
For subsequent runs, the diffusion coefficient (k) and the final time (t) were fixed 
or varied according to each of three run scenarios described above. For the first scenario 
(fixed k and fixed t), the synthetic cone was eroded in six separate runs.  I used three 
fixed k values from the literature: (1) 0.0055 m2/kyr for the lunar environment (Fassett 
and Thompson, 2014); (2) 0.001 m2/kyr calculated for Mars and terrestrial environments 
(Golombek et al., 2014; Densmore et al., 2007; Howard, 2007; Armitage et al., 2011); 
Figure 5.4. Eroded synthetic cinder cone: n=2, k=1 m2/kyr, (a) (b) (c) (d) shown at t=50 
kyr. Note that panel (c) and (d) have been zoomed in to demonstrate the differences 
between the initial and eroded profiles and the slope histograms. Note the convex rim 
segments and concave crater of the eroded cone.  
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and (3) 0.5 m2/kyr for arid terrestrial environments (e.g., Nash, 1980; Colman and 
Watson, 1983; Andrew and Bucknam, 1987; Hopper and Sheridan, 1998), respectively. 
Each k-value was modeled over two timescales: 440 Myr and 1.5 Gyr constrained by 
crater counting conducted by Brož and Hauber (2012) on the units underlying and 
embaying the cinder cones. For the second scenario (fixed t and varied k), k was varied 
between two endmember diffusivities: 0.5 m2/kyr, and 0.00055 m2/kyr to determine what 
k values (if any) most accurately reproduce the observations for the Brož and Hauber 
(2012) age estimates of the cinder cones (440 Myr to 1.5 Gyr). Martian k values are not 
expected to exceed 0.5 m2/kyr for the Amazonian period when the Ulysses Colles cinder 
cones are thought to have formed (Brož and Hauber, 2012). For the third scenario (fixed 
k and varied t), the synthetic cone was eroded using fixed k values from the first scenario 
until the cones matched the observations of the martian cones.  The corresponding t 
values were noted for each run.  The results from Scenarios I-III were then used to 
develop additional test cases as needed. 
  
  112 
5.3 Remote Sensing Data 
 Images from the Mars Reconnaissance Orbiter (MRO) Context Camera (CTX) 
(Malin et al. 2007) at 5-6 m/pixel were used for morphologic analysis of 13 Ulysses 
Colles cinder cones (Figure 5.4), previously studied by Brož and Hauber (2012) and Brož 
et al. (2015). The heights and slopes of the cones were determined using a digital terrain 
model (DTM) (Figure 5.4) at ~18 m horizontal resolution derived from CTX images 
using the SOCET SET software package from BAE Systems. All measurements were 
taken from individual cones using the ArcGIS 10.5 software package and standard 
toolbox.  Six profiles from six different azimuths were taken for each cinder cone. 
Profiles that included gaps in the data or disruption of the crater form were excluded. 
Following the techniques of Porter (1972), Settle (1979), and Wood (1979a), 
measurements were taken of the basal diameter (Wco: determined by a break in slope at 
the base of the cone), crater diameter (Wcr), and cone height (Hco). The average values 
for basal diameter, crater diameter, and height were used to calculate the morphometric 
ratios (Wcr/Wco, Hco/Wco) for each edifice for comparison to model results and 
published values (Brož and Hauber, 2012; Brož et al., 2015). When comparing the 
measured HCO/WCO and Wcr/Wco ratios to modeled values, two values are considered a 
match if they fall within +/- 0.01 to be conservative. 
Slopes were calculated over a 3-pixel baseline (~54 m). Slope histograms 
(Appendix B) were created using one-degree bins to compare the overall distribution of 
slope angles per pixel as well as maximum slope values for individual cinder cones with 
modeled values and histograms. High-resolution slope histograms provide a finer-scale 
and more areally comprehensive tool for assessing the shaping of cinder cones than the 
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morphometric ratios alone, and may provide insight into the processes that shape cinder 
cones over time. The maximum slope was defined as the maximum slope value with a 
cumulative pixel coverage of at least 0.5% of the total area, excluding gaps in the data. 
This also reduces the impact of spurious data by excluding slope bins with few pixels. 
For maximum angles, two values are considered a match if they are within +/-1°. Model 
runs are discussed in the section below only if they matched at least two morphometric 
parameters and/or histograms from the field data.  
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Figure 5.4. Top: Mars Orbiter Camera (MOC) mosaic of the Ulysses Colles volcanic 
field on Mars. Bottom left: CTX image P21_009409_1858_XN_05N122W1. Bottom 
right: Colorized CTX DTM overlain on the CTX image from the left. Blues, purples, and 
pinks indicate low-lying topography, and red and white denote high-standing topography. 
Both images display the cinder cones in this study identified by number. All images are 
centered at 5.77°N 237.18°E.  
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5.4 Results 
 
Table 5.1. Selected model results for Scenarios I-III. The greyed-out boxes indicate that 
the crater was not preserved. 
 
 
 
 
 
 
 
 
Model Run ID Case k (m2/ka) t (ka) H/W Wcr/Wco Max Angle (°)
1 Ia 0.001 440 Ma 0.17 0.18 28.5
2 Ia 0.001 1.5 Ga 0.15 24
3 Ib 0.0055 440 Ma 0.12 22
4 Ib 0.0055 1.5 Ga 0.08 14.5
5 Ic 0.5 440 Ma 0.0007 0.5
6 Ic 0.5 1.5 Ga 0 0
7 IIa 0.00055 440 Ma 0.18 0.23 29.8
8 IIa 0.00055 1.5 Ga 0.15 0.11 26.5
9 IIb 0.0055 440 Ma 0.12 22
10 IIb 0.0055 1.5 Ga 0.08 14.5
11 IIc 0.05 440 Ma 0.04 8
12 IIc 0.05 1.5 Ga <0.015 2
13 IId 0.5 440 Ma 0.0007 0.5
14 IId 0.5 1.5 Ga 0 0
15 IIIa 0.00055 2 Ga 0.14 0.06 25.5
16 IIIa 0.00055 2.5 Ga 0.14 24.5
17 IIIa 0.00055 3 Ga 0.12 23.5
18 IIIb 0.0055 2 Ga 0.05 12.5
19 IIIb 0.0055 2.5 Ga 0.05 11
20 IIIc 0.05 100 Ma 0.08 18
21 IIId 0.5 1 Ma 0.15 28
22 IIId 0.5 10 Ma 0.08 17.7
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Table 5.2. Morphometric ratios and maximum slope values for the Ulysses Colles cinder 
cones. The greyed-out box indicates that the crater was not preserved. 
 
 5.4.1 Field Observations 
 The study area displays multiple generations of volcanic resurfacing. The terrain 
upon which the cinder cones sit is rough and mildly undulatory at the 5-m scale, which 
may be ancient lava flows. Lava flows radiate outward from cones 1, 2, 6, 8, and 13 (e.g., 
Figure 5.1b, Figure 5.4). Larger, smoother lava flows embay the study area on all sides. 
The bases of cones 1, 2, and 13 are partially buried by lava flows. Low albedo streaks on 
cones 13, 7, and 8 suggest mass wasting in the form of granular flows ~300-900 m in 
length and ~20-100 m wide. Subtle channels appear in the dust on the upper flanks of 
cones 1, 2, and 8 in the CTX images, but the depth of many of the channels is below the 
vertical resolution of the CTX DTM (<~10 m). Cones 6-8 display smaller gully-like 
features. The summit craters of cones 1, 4, 13, and 8 display evidence of modification in 
the form of late-stage lava extrusion in the case of cone 1 (Figure 5.4) and a ~300 m 
domed area within the irregularly shaped crater of cone 8 (Figure 5.6a). Individual cinder 
cone images and histograms are provided in Appendix B. 
Cone ID Latitude Longitude H/W Wcr/Wco Max Angle (°)
1 5.49°N 237.03°E 0.11 0.17 30
2 5.63°N 237.05°E 0.09 0.09 29
3 5.67°N 237.03°E 0.08 17
4 5.71°N 237.01°E 0.06 0.15 17
6 5.71°N 237.16°E 0.07 0.16 22
7 5.77°N 237.14°E 0.10 0.17 21
8 5.82°N 237.12°E 0.17 0.12 27
11 5.97°N 236.97°E 0.04 0.06 16
12 6.02°N 236.98°E 0.06 0.17 20
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5.4.2 Measured Morphometric Parameters 
 The morphometric ratios (HCO/WCO, Wcr/Wco) measured from the CTX DTM 
(Resolution 18 m; Table 5.2) are largely consistent with those of Brož et al. (2015), 
particularly for the better preserved cones (e.g., cones 1, 2, and 8). Consistent with Brož 
and Hauber (2012), I observe a trend in decreasing HCO/WCO to the north, which, 
combined with increasingly small and rounded morphologies, suggests increasing ages to 
the north. The cinder cones in Ulysses Colles are on average taller than terrestrial cones 
but have lower HCO/WCO and Wcr/Wco values compared to young terrestrial cinder cones 
(Wood 1980). For the 9 cones measured in this study, I find an average HCO/WCO ratio of 
0.09, compared to 0.08 from Brož et al. (2015): the average Wcr/Wco for this study is 
0.13, compared to 0.18 from Brož et al. (2015). The maximum slopes calculated for this 
work are systematically ~2° higher than those calculated by Brož and Hauber (2012) with 
HRSC data (Resolution 75 m) and by Brož et al. (2015) with CTX (Resolution 17.78 m) 
and HiRISE data (Resolution 0.53 m). Variations between this work and Brož et al. 
(2015) are likely due to differences in resolution and methods used to determine the basal 
diameter and maximum slope.  
5.4.3 Scenario I: Fixed k and fixed t 
 Model run #1 (Figure 5.5), k = 0.001 m2/kyr calculated for Mars (Golombek et 
al., 2014) and t = 440 Myr from crater counting by Brož and Hauber (2012), reproduced 
the maximum angle (27°) and HCO/WCO ratio (0.17) for cone 8 (Table 5.2, Figure 5.6a), 
the most pristine cinder cone in the Ulysses Colles field, but the Wcr/Wco ratio (0.12) is 
lower than the modeled ratio (0.18). In Figure 5.5, panels a and b show the slightly 
rounded geometry of the eroded cone, along with a well-preserved crater. In panel b, 
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slope rotation is apparent (green circle) near the summit, where the rim and upper flank 
have eroded below the initial profile, and near the base, where the profile steps out 
beyond the initial profile due to deposition on the lower hillslope. Slope rotation is also 
evident in the slope histogram in panel d, where the steep initial slopes have been shifted 
to lower slopes (~28°, yellow circle), and deposition has occurred at the base of the cone 
creating a gradient from the steep cinder cone and surrounding terrain (red circle).  
 In Figure 5.6b, the flank slopes of cone 8 appear to cluster around 22°-25°, which 
does not match the model histogram (27°-28°, Figure 5d). No other case modeled here 
matched more than one morphometric parameter (HCO/WCO, Wcr/Wco, max slope) of the 
observed morphologies of the Ulysses Colles cinder cones (Table 5.2). The discrepancy 
between modeled and observed for the Wcr/Wco and the slope histograms for cone 8 
(and all other cones) suggests that, although the HCO/WCO and maximum slope are 
matched, this scenario is a poor fit for the field data overall, despite using independently 
determined values for k and t. 
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Figure 5.5. Model run #1: Fixed k (0.001 k2/kyr) and t (440 Myr). (a) Slightly rounded 
geometry, (b) rounding of the rim (blue dashed line) and slope rotation (green circle), (c) 
erosion from the rim and deposition at the base, (d) slope values shifted to ~28° 
(orange) due to erosion of steep slopes (yellow circle) and deposition at the base (red 
circle). 
 
 
 Figure 5.6. (a) CTX image of cone 8 (centered at 5.82°N 237.12°E) and (b) slope 
histogram for cone 8 calculated from the CTX DTM. 
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5.4.4 Scenario II: Fixed t 
 The only model that was able to reproduce at least two of the three morphometric 
parameters from the martian cinder cones was model #8 (Figure 5.7: k = 0.00055 m2/kyr 
one order of magnitude lower than lunar diffusivity, t = 1.5 Gyr independently 
determined by Brož and Hauber, 2012; Table 5.1).  The resulting modeled Wcr/Wco = 
0.11 matches the observed Wcr/Wco (0.12), and the modeled max angle of 26.5o matches 
the observed maximum angle (27°) for cone 8 (Table 5.2). The HCO/WCO of cone 8 (0.17) 
is slightly higher than the modeled HCO/WCO (0.15), but they are within uncertainty. The 
slope values representing flank clustering seen in Figure 5.6b overlap with the values of 
clustering in the modeled histogram in Figure 5.7d (24°-27°), but the cluster in the 
observed cone histogram spans slightly lower slopes (22°-25°). Overall, model #8 
reasonably approximates the morphology of cinder cone 8 and is more consistent with the 
observations from CTX than the best model from Scenario I (model #1).  
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Figure 5.7. Model run #8: k =0.00055 m2/ka, t = 1.5 Gyr. The red circle in panel d 
denotes the clustering of slope values from the cone flanks (hereafter referred to as flank 
clustering). 
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 5.4.5 Scenario III: Fixed k 
  Of all three scenarios, Scenario III models most closely matched the range of 
values seen in the Ulysses Colles field, indicated by more matching parameters, spread 
over a wide range of models. However, only models #20 (k = 0.05 m2/kyr, one order of 
magnitude smaller than typical terrestrial k values for arid environments, t = 100 Myr) 
and #22 (k = 0.5 m2/kyr, typical for arid environments on Earth, t = 10 yr) matched more 
than one morphometric parameter. Models #20 and #22 display identical HCO/WCO values 
(0.08) and nearly identical maximum angles (18° and 17.7°, respectively) (Table 5.1). 
Neither model retains the summit crater. Cone 3 from the Ulysses Colles field also 
exhibits a HCO/WCO value of 0.08, with a maximum angle of 17° and no preserved 
summit crater (Table 5.2). However, the flank slopes seen in Figure 5.8d and Figure 5.9d 
are steeper (16°-18°) than those observed at cone 3 (12°-13°) in Figure 5.10b. Though 
these models produce good matches for some morphological parameters, the inputs that 
produce the models are unrealistic, specifically the high k value of model #22 and the 
unreasonably short timescales of both model #20 and #22.  
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Figure 5.8. Model #20: k = 0.05 m2/kyr, t = 100 Myr. The red circle in panel d denotes 
the clustering of flank slope values.  
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Figure 5.9. Model #22: k = 0.5 m2/kyr, t = 10 Myr. The red circle in panel d denotes the 
clustering of flank slope values.  
  
 
Figure 5.10. (a) CTX image of cone 3 (centered at 5.67°N 237.03°E) and (b) slope 
histogram for cone 3 calculated from the CTX DTM. 
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5.5 Idealized Martian Cones 
 Low HCO/WCO ratios with respect to terrestrial cones may be explained by greater 
pyroclastic dispersal areas on Mars than on Earth, as could be expected for a planet with 
lower gravity and atmospheric pressure. If this were true, however, the low martian 
Wcr/Wco values would not have a straightforward explanation because an expected 
corollary to wider dispersal is a wider crater (Wilson and Head, 1994). And, even if 
Wcr/Wco is independent of gravity and atmospheric pressure (Wood, 1979), the ratios 
should be equal to those of terrestrial cones, not smaller as the data show. These data 
suggest that martian cinder cones formed with a smaller crater relative to their basal 
diameter. To account for this possibility and to re-test Model #1 over a longer timescale, 
three additional scenarios were constructed: (1) Model #1 with k = 0.001 and t = 1 Gyr; 
(2) a run representing degradation of an idealized terrestrial cone with a smaller initial 
crater (k and t values described below); and (3) a run representing degradation of an 
idealized martian cone based on the morphological features of cone 8, the most visually 
pristine cinder cone from the Ulysses Colles field (k and t values described below). The k 
and t values for these models were based on the results of Scenarios I-III. Models #1 and 
#8 were re-run using a starting Wcr/Wco of 0.1 and 0.12. The best fit k and t values for 
the observed morphologies were used to erode the idealized cone 8 to test if older cinder 
cones within the field could be matched.  
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Table 5.3. Model runs for modified idealized cones and an idealized cone 8. 
    
When model #1 is extended over 750 Myr, the HCO/WCO value drops to 0.14, 
which does not match cone 8 like in Scenario I. However, the Wcr/Wco drops to 0.12, 
and the max slope stays at 27°. Further, the flank clusters of the model slope histogram 
shift to shallower slopes (23-27°), consistent with the flank clustering in the cone 8 
histogram (22-25°). Despite the resulting mismatch in HCO/WCO, this model produces an 
overall better fit, showing that both the k value and timescale are reasonable, at least for 
cone 8.  
None of the runs that were started with a modified initial Wcr/Wco produced a 
match for the Ulysses Colles cinder cones. However, the flank clusters in the slope 
histograms for these models show a shift to shallower slopes as seen in the CTX 
histograms. For the eroded idealized version of cone 8, the HCO/WCO of 0.11, Wcr/Wco = 
0.17, and max slope of 22.5° is a close match for cone 7 (HCO/WCO = 0.10, Wcr/Wco = 
0.17, max slope = 21°). This match is produced using a k of 0.001 m2/kyr over 1 Gyr. 
This suggests a 1 Gyr difference in ages for a pristine cinder cone and a moderate-to-old 
cinder cone within this field. This is not inconsistent with the estimated age range of 440 
Ma-1.5 Ga, a span of over 1 Gyr. In this context, a k value of 0.001 m2/kyr seems 
Starting Wcr/Wco k t H/W Final Wcr/Wco Max Slope
0.14 0.001 750 Ma 0.14 0.12 27
0.1 0.001 440 Ma 0.15 0.15 28.5
0.1 0.00055 1 Ga 0.16 0.16 28
0.1 0.00055 1.5 Ga 0.12 24
0.12 0.001 440 Ma 0.15 0.16 28.4
0.12 0.00055 1.5 Ga 0.13 0.09 26.5
0.12 (Cone 8) 0.001 10 Ma 0.16 0.27 27
0.12 (Cone 8) 0.001 100 Ma 0.11 0.19 25.4
0.12 (Cone 8) 0.001 1 Ga 0.11 0.17 22.5
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reasonable, while a k value of 0.00055 m2/kyr would put the age span of the field well 
beyond the estimated age span. However, the flank cluster on cone 7 (12-15°) does not 
match the modeled slope histogram, which displays a cluster at 23-26°. 
5.6 Discussion and Conclusions 
 None of the models produced in this work were able to reproduce all three 
morphometric parameters (the two ratios and maximum slope); however, each of the 
three scenarios yielded at least one model that matched two out of the three parameters 
for a single cone. Scenario I, using previously established k-values and age estimates for 
Mars and Ulysses Colles cones, produced a match between model #1 and cone 8, but the 
large discrepancy between the Wcr/Wco values and the slope distribution make this 
model a poor fit. Therefore, if both the diffusivity and age estimates for Mars are correct, 
the observations cannot be reasonably reproduced using this model.  
In Scenario II, using existing age estimates and varying k, cone 8 was again 
matched, this time with model #8. For the age estimates from crater measurements (1.5 
Ga), the Wcr/Wco values and maximum slope were matched exactly, and the HCO/WCO 
values were a near match (0.17 vs 0.15 for the CTX data and the model, respectively). 
Further, the slope histograms displayed overlapping flank cluster values, suggesting that 
the model also reasonably reproduced the slope distribution of cone 8. However, cone 8 
is the most pristine cone within the Ulysses Colles volcanic field. If the k value (0.00055 
m2/kyr) and age (1.5 Ga) are correct for cone 8, then the rest of the cones within the field 
are older than previously thought, as is the degradation rate for the Ulysses region of 
Tharsis. In Scenario III, using previously constrained k values and varying the timescale, 
HCO/WCO and maximum slope were matched for cone 3 by models #20 (t = 100 Ma) and 
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#22 (t = 10 Ma), which produced nearly identical results. Neither model produced a slope 
histogram consistent with the CTX histogram.  
 The fact that model #8 produced an eroded cinder cone matching the observations 
on Mars suggests that it is possible that the observed morphologies are the result of long 
timescale degradation. This implies that the martian cones could have formed in a manner 
similar to terrestrial cones (i.e., at the angle of repose) and, when combined with 
extremely low k values and long timescales, eroded via nonlinear diffusion to the forms 
observed on the surface today. Since the k value matched to the observations is lower 
than expected for martian conditions, it is likely that either martian diffusivity values are 
lower than previously thought, or the edifices in the Ulysses Colles field are younger than 
estimates suggest. It is possible that the k values on the dust-covered Ulysses Colles field 
differ from those calculated by Golombek et al. (2014), but additional analyses are 
needed to determine if this is reasonable.  
The k value of 0.001 m2/kyr yields reasonable results when eroding an idealized 
version of cone 8. The persistent mismatch in flank clusters between the idealized cone 8 
models and the field data raise additional questions. The flank cluster slopes of the 
Ulysses Colles cinder cones are always lower than modeled flank slopes, even when the 
morphometric ratios are well matched. Simply changing the input parameters does not 
result in a shift in the flank clusters to shallower slopes, but modifying the initial 
Wcr/Wco ratios does appear to result in lower-slope flank clusters, more consistent with 
the observed slope histograms. This comparison suggests that there could be additional 
erosional processes acting on the martian cinder cones, possibly related to the observed 
granular flows, and that the relationship between the initial Wcr/Wco and the overall 
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slope distribution requires more detailed investigation. The CTX slope histograms also 
display steep tails in some cases, which in terrestrial datasets are evidence of resistant 
agglutinate layers within the cinder cone. However, it is not clear whether the tails in the 
CTX histograms are real or noise, also observed in profiles. This issue can be partially 
addressed by comparing the CTX data to overlapping HiRISE data, which is needed 
before conclusions can be drawn.  
Only in one model did the change in t result in a shift in the flank clusters to 
shallower slopes to produce a match with cone 8 (k = 0.001 m2/kyr, t = 750 Myr). 
Because cone 8 is the most pristine cinder cone in the Ulysses Colles volcanic field, this 
implies that the cones in this region are >750 million years old and were degraded at a 
rate approximated well by a k value of 0.001 m2/kyr.  Both the k value and the timescale 
are reasonable based on observations on Mars (Golombek et al., 2014) and existing 
model ages from crater counting methods (Brož and Hauber, 2012). Most importantly, 
this shows that the cinder cones in the Ulysses Colles field can be explained by 
degradation of Earth-like cinder cones by a diffusive-like degradation process over 
reasonable timescales and degradation rates estimated for Mars. As such, their current 
shapes do not necessarily reflect volume-limited, ballistic-dominated eruption conditions 
as suggested by Broz and Hauber (2012). 
Because there is evidence for an age sequence within the Ulysses Colles volcanic 
field, another modeling approach utilizing actual high-resolution topography for a 
morphologically fresh cone (e.g., cone 8) as the starting morphology (rather than an 
idealized version used in this work) could be used to attempt to match the morphology of 
older cones within the same field. Future work on this topic must address the possibility 
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of especially low diffusivity in the Ulysses Colles region as well as noise within CTX 
high-resolution topographic data. If it is shown that the high slope tails on the CTX 
histograms are real, then future models should take into account a more complex internal 
geometry (i.e., agglutinate).  
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CHAPTER 6 
CONCLUSIONS 
 
The work presented here investigated two fundamental geologic processes (i.e., 
impact cratering and volcanism) at unprecedented resolution. These science 
investigations were made possible by the global, consistent coverage of Lunar 
Reconnaissance Orbiter Camera (LROC) Wide Angle Camera (WAC). With this data, it 
was possible to produce a globally consistent morphologic map and to apply crater 
counting methods across large areas and diameter ranges. Likewise, the high resolution 
topography derived from the Context Imager (CTX) at Mars made it possible to compare 
directly the morphometric results from cinder cones on Mars with terrestrial cones at 
comparable resolutions. While these investigations answered many questions, still more 
questions were revealed.  
In Chapter 2: The Distribution and Origin of Lunar Light Plains around Orientale 
Basin, the distribution, composition, and age of light plains near the Orientale basin were 
assessed with respect to existing hypotheses of formation. The light plains within the 
study area exhibited diagnostic clustering and areal abundance strongly tied to distance 
from the Orientale basin. Further, using age estimates, a possible signature from the 
formation of the Imbrium basin was detected, suggesting that Orientale light plains 
resurfaced pre-existing Imbrium deposits, but not entirely. This work effectively 
extended the region of surface modification due to a single basin out to at least 4 radii 
from the rim.  
  132 
In Chapter 3: The Global Distribution of Lunar Light Plains from the Lunar 
Reconnaissance Orbiter Camera, a new, global map of the light plains was presented. 
Mapping was done on LROC WAC images at 100 m/pixel, making it the most high 
resolution light plains map to date. The distribution of light plains with respect to the 
Orientale basin observed in Chapter 2 was also observed in Chapter 3. In fact, the 
Orientale basin has a diagnostic signature of ray-like clustering on the lunar farside. The 
Imbrium basin shows a similar distribution in the central nearside highlands, but further 
study is needed to quantify the variation in areal distribution with respect to the basin.  
In Chapter 4: Quantifying the Effect of Slope on Crater Degradation and Absolute 
Model Age, I assessed the relationship between slope and crater density using crater 
measurements from LROC WACs and topography. This work showed that steep slopes 
still affect crater density values for craters up to at least 4 km, up from ~1 km 
(Basilevsky, 1976). These observations may make it possible to model the effect of slope 
on crater density for smaller craters, allowing the disentangling of slope processes from 
other degradation factors for craters in the strength-scaling regime. 
In Chapter 5: Morphologic Age Dating of Cinder Cones in the Ulysses Colles 
Volcanic Field, Mars, I investigated the degradation of cinder cone volcanoes under 
martian conditions and timescales. This chapter demonstrated that the observed 
morphology of martian cinder cones have been produced through Earth-like formation 
and erosional processes (i.e., the accumulation and subsequent downslope movement of 
tephra). This implies that, with further analyses, morphologic age dating of martian 
cinder cones may be possible, providing an alternative to crater counting methods. 
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Future Work: The work presented here introduces several new science questions 
and potential research directions. A quantitative study of the distribution of light plains 
around specific basins is needed to determine whether the distribution with respect to the 
Imbrium basin displays the same trend in areal abundance as the Orientale basin 
(Chapters 2 and 3). Flow features identified in Chapter 3 beg further study and may 
provide critical insight into the specific formation mechanisms of light plains.  
The effect of slope on crater density in Chapter 4 appears systematic, and with 
further analysis, could be modeled. Because the effect observed here was limited to 
craters >1 km, modeling the relationship between increasing slope and decreasing density 
will make it possible to disentangle slope effects from target properties, differential 
degradation, and other processes affecting craters <1 km. For additional work on the 
Ulysses Colles volcanic field, a model starting with a high resolution DTM of a fresh 
cone, eroding it down to match the morphology of an older cone within the same field, 
could provide useful insight into the erosion rates and patterns on Mars. 
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APPENDIX A 
LIGHT PLAINS DEFINITIONS: USGS 1:5,000,000 SERIES  
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Wilhelms and McCauley (1971): 
Plains Material (Cp) 
Smooth, relatively uncratered at LO IV scale, intermediate albedo, similar to 
Imbrian terra plains material; recognized mostly in floor and rim depressions of 
Copernican-aged craters; plains near Rima Bode II, undulatory material at the south edge 
of Mare Tranquillitatis, and moderately dark plains near Vallis Schröteri also included; 
system of fine cracks and small domes on some crater floors and dunelike texture at Rima 
Bode II at the scale of LO V. Interpretation: Occurrence in craters mostly post-impact 
materials, possibly with admixture of erosional debris; occurrences in Eratosthenian 
craters possibly Eratosthenian in age; Rima Bode and Vallis Schröteri material volcanic. 
Tranquillitatis material either volcanic material or erosional debris. 
Plains Material (Ip) 
Includes Apennine Bench Formation (Hackman, 1966), Cayley Formation 
(Morris and Wilhelms, 1967), pre-Imbrian or Imbrian plains-forming material (Carr, 
1966; Titley, 1967). Mostly smooth and flat but some undulatory areas included; 
intermediate albedo, brighter than mare material, darker than most circumbasin and other 
terra materials; in topographic lows with terrae; craters more numerous than on mare 
except for local occurrences in the southern highlands; most contacts with higher terrain 
abrupt, but some gradational with mare. Interpretation: Probably mostly volcanic, 
emplacement in fluid state suggested by some contact relations and resemblance of planar 
surfaces to those of mare; crater density indicates generally older than mare, but isolated 
smooth occurrences possibly contemporaneous with or younger than mare. Some smaller 
occurrences surrounded by highland source areas possibly derived by erosion. 
  150 
Plains Material (pIp) 
Generally flat with a greater population of large and older craters than on Imbrian 
plains-forming material and basal Imbrian units; some craters circular, some irregular; 
many superposed craters of lower Imbrian clusters, intermediate albedo. 
Interpretation: Probably volcanic, representing an older variant of the Imbrian plains-
forming material. 
 
Scott et al. (1977): 
Plains Material (Ip) 
Smooth, flat to undulatory terrain of intermediate albedo; occurs mostly in 
topographic lows and crater floors of Imbrian and older age but also as small pools at 
different elevations; locally gradational with outer facies of Hevelius Formation but has 
ponded appearance and seems to embay or bury grooves and lineaments of the Hevelius. 
Interpretation: Multiple origins, some is ejecta from Orientale basin and large impact 
craters filling low areas; includes shock-melted rocks as well as volcanic materials; 
ambiguity as to origin precludes inclusion in Orientale Group.  
 
Wilhelms and El-Baz (1977): 
Light-colored plains material (Ip) 
Level, smooth surface; density and morphology of superposed craters indicate Imbrian 
age. 
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Light-colored plains material (INp) 
Imbrian or Nectarian; level or somewhat undulatory surface; superposed craters indicate 
early Imbrian or late Nectarian age; plains between Petavius and Humboldt could be 
middle Imbrian.  
Light-colored plains material (Np) 
Similar to INp, but superposed craters tentatively indicate Nectarian age. 
 
Stuart-Alexander (1978)*: 
Smooth light plains (Np) 
Generally higher density of craters than on maria. Interpretation: May be related to 
formation of an Imbrian basin.  
Light plains (INp) 
Higher density of craters than Ip (maria). Interpretation: May be related to various 
Imbrian and/or Nectarian basins. 
Highly Cratered Light Plains (Np, second use) 
Interpretation: May be related to Nectarian basins. 
 
Lucchitta (1978): 
Undivided Plains Material (Ip) 
Light, smooth, flat to locally undulatory surface; higher density of craters than the mare. 
Younger Plains Material (Ip2) 
Light, smooth, flat surface; lower crater density than Ip1. 
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Older Plains Material (Ip1) 
Light, fairly smooth, flat to locally undulatory surface; crater density comparable to Fra 
Mauro Formation; contacts locally diffuse. 
 
Wilhelms et al. (1979): 
Plains Material (Ip) 
Light-colored, smooth, mostly flat-surfaced deposits having superposition relations and 
crater densities indicating Imbrian age. Interpretation: Primary and secondary ejecta of 
Orientale and Imbrium basins and of craters. 
Terra-Mantling and Plains Material (Ntp) 
Light-colored, wavy, rolling or planar surfaces more heavily cratered than unit Ip. 
Interpretation: Primary and secondary ejecta of Nectarian basins and large craters 
equivalent to units in Iohn**, Ioho**, and Ip, lacking their distinctive textures because of 
degradation by cratering or other ageing processes. 
------------------------------------------------------------------------------------------------------------ 
*Stuart-Alexander’s map also includes the units “Ip” and “INp”, but they are used to 
refer to mare materials, grooves, and mounds. 
**Iohn (nonlineated facies) and Ioho (outer facies) are part of the Orientale Group 
interpreted as ejecta and impact melt from the Orientale basin. 
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APPENDIX B  
SLOPE HISTOGRAMS FOR THE ULYSSES COLLES VOLCANIC FIELD 
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Erosional characteristics of agglutinated and non-agglutinated cinder cones. 
Though the initial cones are similar in profile, they erode to very different forms. The 
non-agglutinated case erodes to form a cinder cone with a summit that is smoothly 
convex in profile and a base that is concave. While the base of the eroded agglutinated 
cone is also concave in profile, the summit forms a steep-sided table-top form, resulting 
in an observable tail in the slope histogram at steep slopes. This table-like form is only 
lost when the agglutinate cap is completely eroded away, at which point the agglutinated 
cone begins to resemble the non-agglutinated cone. 
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